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The Contribution of Leachable Organic Acids in Forest Soils 
to the Acidification of Surface Waters 
Letter Report No. 1 - Submi ttE~d on November 15, 1985 
by E. M. Perdue and ~~- W. Garber 
Samples (approximately 2 kg) of forest S()il litter (upper 1 em) were 
co 11 ected from two sites in the Raven Fork ~tatershed in the Great Smoky 
Mountain National Park. A red spruce site and a northern hardwoods site, both 
of which are being used for related TVA watE~rshed research studies, were 
selected for this study. 
All samples were collected in clean polyE~thylene bags, which were placed 
in burlap bags to prevent physical damage dur·i ng horseback transport out of 
the watershed. Samples were stored under ice for transport to the laboratory 
and then transferred to a 1 aboratory refri gE~rator (at 3 C). 
Litter samples (20 g) from each site WE~re leached with deionized water 
(20 mL). The resulting leachate solutions contained significant free acidity 










10 JJt~q /L 
500 JJeq/L 
500 JJeq/L 
These 1 eachate so 1 uti ons are being chemica n y ana 1 yzed for conmon ions, 
including nitrate, sulfate, chloride, sodium, potassium, and anmonium, as well 
as total organic carbon. 
At Georgia Tech, Steven Serkiz, a PhD student in Geophysical Sciences, 
has begun work on this project. Steve has 1~orked on i nsta 11 ati on of the 
automatic titration apparatus and on development of computer software for 
controlling the titration apparatus and for analysis of titration data in 
terms of the Gaussian distribution model that has been developed by Perdue and 
coworkers. In the next two months, soil litter sample extractions will be 
conducted to obtain sufficient quantities of humic substances to determine 
their acidic properties. 
The Contribution of Leachable Organic Acids in Forest Soils 
to the Acidification of Surface Waters 
Letter Report No. 2 - Submit;ted on Februar: 17, .. 986 
by E. M. Perdue and FL W. Garber 
Research has continued at the TVA laboratory on Task II, specifically 
that part of this Task that addresses the effect of temperature on the yield 
of soluble organic acids from soil litter samples. The experimental procedure 
has been modified to simultaneously examine the effect of litter leaching 
frequency on organic acid yields. Twenty-·fc1ur leaching columns were filled 
with 20 grams (a two-inch depth) of litter from beneath red spruce and mixed 
hardwoods in the Raven fork watershed and leached for eight hours with 200 mL 
of deionized water to .. initialize" the samples by removing any water-soluble 
components. The last 20 mL of leachate solution was used to define an initial 
state (0-Day Sample) for each sample. One half of the leaching columns were 
subdivided into four groups of three replicates each (they will be called 2-
0 
day, 4-day, 8-day, and 16-day samples, respectively) and stored at 15 C. The 
other half of the leaching columns were similarly subdivided and stored at 
3°C. The 2-day, 4-day, 8-day, and 16-day samples were leached with deionized 
water every 2, 4, 8, or 16 days for a total of 16 days. Each leachate solu-
tion was analyzed for pH, total acidity, N03-, so42-, NH4+, K+, and Na+. 
Calcium and magnesium ions were below detection limits of ion chromatography. 
The data from these leaching experiments are not yet fully analyzed. 
Some trends have been observed with respect to the effects of both leaching 
frequency and storage temperature on the yield of soluble acids from soil 
litter samples. A partial table of initial results for pH and Total Acidity 
(T. A.) is given below. 
1 
Red Spruce Litter Hardwoods Litter 
Sample pH T. A. {ueq/L) pH T. A. {JJeq/L) 
0-Day 5.6 140 5.5 90 
2-Day ( 3°C) 5.6 310 5.2 23(: 
16-Day ( 3°C) 4.0 530 4.9 240 
2-Day ( 1SOC) 5.1 530 4.9 240 
16-Day {1s-C) 3.9 1000 4.9 280 
In addition, both N03- and NH4+ tend to increase with temperature and storage 
time between leachings, the effect being most pronounced in red spruce litter 
samples. The total yield of ionized acids from red spruce litter samples is 
greater if the samples are leached eight times at 2-day intervals than for a 
single leaching after 16 days of storage, possibly due to dilution effects on 
the degree of ionization of organic acids. 
Future experiments wi 11 examine the eff.ects of 1 eachi ng rate, moisture 
content of litter, and pH of leaching solution on the yield of titratable 
acids from the two types of forest litter $amples. In addition, large-scale 
leaching experiments will be conducted to provide the Georgia Tech lab with 
1200 mL of leachate solution for each treatment. Those solutions can then be 
used for Task III. Task IV will be carried out in late spring, when the 
streams should contain relatively high lev•~ls of dissolved organic carbon. 
At Georgi a Tech, the i nstrumentat·i on and software for conducting and 
analyzing titrations of litter leachate organic acids are essentially ready. 
We will begin those studies in the last hallf of March, when Dr. Garber can 
conduct large-scale leaching experiments to produce the 1200 ml solutions from 
which soil organic acids will be isolated. In the meantime, we have begun a 
long-term effort to streamline the extraction procedures that we ordinarily 
use to isolate soil organic acids. Our experience on another project at the 
Coweeta Hydrologic Laboratory clearly indicai:es that we are severely time-
limited by the current methods. Preliminary results indicate that column 
2 
leaching with alkaline solutions compares 1~ith alkaline batch extractions and 
produces a much more concentrated solu·tion for subsequent cleanup. We are 
attempting to optimize the column extraction method for future studies that 
require extractions of soil organic acids {such as the proposal we are 
currently submitting to John Huckabee at EPRI). 
3 
The Contribution of Leachable Organic Acids in forest Soils 
to the Acidification of Surface Waters 
Letter Report No. 3 - Submi i~ted on May 26, 1986 
by E. M. Perdue and R. W. Garber 
This Letter Report summarizes the cur·rent project status and modifica-
tions to the or1ginal work plan that were verbally accepted by John Jansen. 
Current Status 
A preliminary leaching study of the soil litter samples from a red spruce 
forest and a northern hardwoods forest has been completed. Soil litter 
samples were repetitively leached with deionized water as described in the 
previous Report. The time studies of weak acid production have yielded the 
data that are appended to this Report. It is evident that nitrification is a 
major biochemical process in the leaching columns, and that this process is 
enhanced by frequent leaching, which temporarily raises litter pH values to a 
more favorable level for the nity·ification process. The litter samples are 
also losing potassium to solution at a high rate. Much, but not all, of the 
weak acidity in the leachate solutions is ammonium ion. The remaining weak 
acidity is presumably organic acids. 
We have received the first batch leachate solution at Georgia Tech and 
have just begun our ultrafiltration cleanup procedure to desalt the sample. 
After inorganic cations and anions have be~n reduced in concentration by 
continuous ultrafiltration with dilute HCl, the samples will be freeze-dried 
to isolate leachate organic acids. At that time, elemental and functional 
group analyses and acid-base titrations can be conducted. 
On May 12th, we collected 220 L of RavE~n fork stream water at the Chero-
kee Trout Farm. We had hoped to waft for a heavy rain before sampling, but 
finally gave up and sampled under drought conditions. The sample has already 
been concentrated to 20 L using ·the 1 arge-·sca 1 e reverse osmosis concentration 
unit and is being prepared for ultrafiltrcLtfon cleanup at this time. 
The project is running somewhat behind schedule, necessitating a post-
ponement of the completion date to November 1, 1986, by which time we expect 
to be able to provide Southern Company Sey·v•rces with a draft final report. In 
the meantime, if no major obstacles hinde1· <>ur efforts to desalt the batch 
leachate solutions, ~should be able to submit a draft outline of our final 
report by August 1stn. 
1 
Modifications to Work Plan 
The original work plan called for each sofl litter sample to be subjected 
to a serf es of 1 eachi ng tests that were dE~si gned to eva 1 uate the effects of 
(1) rain rate, (2) rafn acfdfty, (3) 1fttE~r moisture between leachfngs, and 
( 4) temperature on the production of '~eak acids. The condi tf ons used are 
summarized in the following table with the "standard" conditions underlined. 
;:::;.;.Ex...;.L.pe.....=....;._r i.;..;.me;.;..;;..;.;.nt..;;..;a;;...;l......;....Pa;;;.;.r...;:;a~me,;:;_t;;_;:e:....;..r _____ ......;..;.;Ra nge of conditions 
rafn rate 0.25 0.5 !~ 2.0 iJ.O cm/hr for 5 em (22 nt.) 
rain acidity pH 4.0 pH 5.7 
litter moisture moist dried 
temperature 
adjusted with 2:1 H2S04:HN03 
leached 4 times at weekly intervals 
lea<~ed 4 times at weekly intervals 
The original matrix requires a minunu~m of 18 leaching experiments per 
sample, each experiment run in triplicate. In the original proposal, we 
planned to match each analytical scale leaching experiment with a batch scale 
experiment to obtain sufficient organic acids for detailed elemental and 
functional group characterization. The time required to accomplish that task 
is simply too great. Furthermore, because every leachate solution fn the 
analytical experiments is titrated to detE~rmine total titratable acidity, we 
have sufficient information from the analyt1cal experiments to detect any 
major differences in the chemical properties of the weak acids in any two 
leachate solutions. We have therefore proposed that the number of batch 
leaching experiments be reduced to nine per sample. For each Experimental 
Parameter in the preceding table, we will prepare the following number of 
batch leachate solutions per litter samplE~: rain rate (1), rain acidity (1), 
litter moisture (3), temperature (4). If the analytical titration experiments 
reveal unusual variations in the chemical py·opertfes of weak acids, additional 
batch leachate solutions will be prepared. 
In the litter moisture and temperature experiments, we have elected to do 
a much more comprehensive series of leaching experiments than originally 
proposed. Rather than leaching each sample at weekly intervals for four 
weeks, we will use the experimental protocol used to generate the appended 
data. Each sample will be "initializf~d" by exhaustive leaching with de-
ionized water. Four separate columns of soil litter (2-day, 4-day, 8-day, 16-
day) will be prepared and leached at 2, 4, 8, and 16 day intervals for a total 
of 16 days. We believe that this protocol 1s more suited to detection of 
tempora 1 trends and simultaneous 1 y exami nE~s the effect of an addition a 1 para-
meter, rafn frequency, on the mobilization of organic acids from forest soil 
1 i tter. 
2 
Litter Leaching Studies - Southern Co. Project - TVA 
20 g. moist soil in column packed to a density of 1 g/mL 
Leached with water (1 cm/hr for 5 hr) - about 22 mL 
Sam2le: Red s2ruce forest soil litter at 15°C 
Organic 
Day pH [fi+] [K+] [NH4+] Acid [N03-] 
2-Day 2 5.13 9 107 325 198 37 
4 4.95 13 114 267 65 42 
6 5.10 9 118 201 65 52 
8 4.83 17 110 161 70 75 
10 4.80 19 1~ 141 60 81 
12 4.86 16 126 100 86 100 
14 4.44 43 141 101 78 100 
16 4.27 63 136 76 28 111 
4-Day 4 4.62 28 145 400 180 44 
8 4.54 34 128 311 117 54 
12 4.45 42 113 267 51 91 
16 4.16 81 12:1 214 11 100 
8-Day 8 4.47 40 161 440 202 63 
16 4.24 68 142 416 29 104 
16-Day 16 3.95 1.32 193 549 286 116 
SamEl e: Red s2ruce forest soil litter at 3°C 
Organic 
Day pH [H+] [K+] [M-i4+] Acid (N03-] 
2-Day 2 5.60 3 E>5 195 104 7 
4 5.54 3 55 1n 41 4 
6 5.82 2 53 167 -11 3 
8 5.59 3 47 148 1 4 
10 5.74 2 lJS 142 -2 5 
12 5.66 3 :i6 134 -21 2-
14 5.48 4 ~~9 118 10 5 
16 5.31 6 :i9 110 -13 9 
4-Day 4 5.18 8 81 221 106 9 
8 5.33 6 !)7 150 76 9 
12 5.37 5 41 132 65 8 
16 5.34 5 :n 121 57 9 
8-Day 8 4.94 14 ~H 256 1.62 12 
16 5.04 11 n 196 136 9 
16-Day 16 4.88 16 108 328 233 19 
J.:"f 
3 
Sample: • Northern hardwood forest soil litter at 15 C 
Organic 
Day pH [H+ J [K+] (NH4+] Acid [N03-] 
2-Day 2 4.89 15 141 121 106 41 
4 4.98 12 150 108 113 52 
6 4.92 14 140 101 165 67 
8 5.10 9 112 87 134 51 
10 5.06 10 100 90 60 71 
12 5.24 7 104 101 29 67 
14 5.06 10 94 81 59 80 
16 5.18 8 118 76 9 81 
4-Day 4 4.88 16 150 163 104 57 
8 4.97 13 121 141 126 71 
12 5.15 8 104 111 74 n 
16 5.04 11 97' 97 35 57 
8-Day 8 4.90 15 167 179 139 73 
16 4.92 14 121 121 85 n 
16-Day 16 4.91 14 181 198 71 88 
Sample: Northern hardwood forest soil litter at 3°C 
Organic 
Day pH [H+] [K+] [M-i4+] Acid [N03-] 
2-Day 2 5.14 9 85 111 116 30 
4 5.11 9 88 100 47 37 
6 5.07 10 70 97 93 40 
8 5.18 8 71. 81 71 33 
10 I 5.26 6 6t" 85 38 30 ... 
12 5.26 6 60 67 20 35 
14 5.30 6 60 60 47 27 
16 5.35 5 71. 55 27 24 
4-Day 4 5.09 10 9"• '· 121 82 38 8 5.05 10 82 107 105 44 
12 5.06 10 76 100 63 35 
16 5.21 7 59 80 56 30 
8-Day 8 4.96 13 97 142 112 47 
16 5.02 11 8l 111 91 40 
16-Day 16 4.94 14 10~1 161 75 59 
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THE CONTRIBUTION Of LEACHABLE OR~\NIC ACIDS IN FOREST SOILS 
TO THE ACIDIFICATION OF S~FACE WATERS 
Outline of Final Repor·t - Submitted on February 6, 1987 
by 
E. M. Perdue and S .. 1~. Serki z 
School of Geophysical Sciences 
Georgia Institute olF Technology 
Atlanta, GA 30332 
and 
R. W. Garber 
Tennessee Valley Authority 
Muscle Shoals, JU. 35660 
to 
Southern Cof11>any Set"'v·i ces, Inc. 
P .. O. Box 2625 
Birmingham, AL :35202 
Attention: ,John J.. Jansen 
, 
h Overview 
A. This study has investigated some of i~he factors that are thought to 
affect the mobilization of organic ~1terial and inorganic cations/ 
anions from forest soil litter.. The factors considered are: 
· 1. forest 1 i tter type 
2. temperature 
3. moisture content of litter 
4. pH of leaching solution 
5. frequency of leaching events 
6. intensity of leaching events. 
Unique components of the study are ttle examination of the effects of 
the above factors on the chemical characteristics of mobilized organic 
acids (elemental and acidic functi<>nal group analyses) and analysis of 
titration data to determine the aciidic strengths (pKa's) of the 
organic acids. 
B. The natural and anthropogenic fluxE~ of acidity through forested 
watersheds into surface waters are compared, and the Gran titra-
tion method for estimation of strong and weak acidity in surface 
waters is evaluated in light of dai=a obtained in (A). 
II. Experimental 
A. Analytical scale leaching studies at the TVA are designed to determine 
the effects of the parameters in (I) on the mobilization of strong 
and weak acidity from forest soil 1i1;ter. 
1. forest litter type 
a. Red spruce litter 




3. moisture content of litter 
a. Moist- samples used as ~ not dried between successive 
leaching experiments. 
b. Dry - sa~les air·-dried for· E~ight hours after each leaching 
experiment. 
4. pH of leaching solution 
a. pH 5.7 
b. pH 4.0 
c. pH 3.5 
NOTE: The pH 5.7 leaching solution has the following coqx>sition in 
ueq/L: [~] = 2, [Na+] = 5, [K+] = 2, [NH4+] = 12, [MgZ+] = 5, 
[Ca2+] = 11, [HC03-] = 2, [Cl-] = 12, [N03-] = 12, [S0422-] = 11. 
A 2:1 (equivalent ratio) n1ixture of H2S04:HN03 was added to 
this solution to produce F~ 4.0 and 3.5 solutions. . .,. 
'l. v 
5. frequency of leaching events 
a. 2-day intervals 
b. 4-day intervals 
c. 8-day intervals 
d. 16-day intervals 
6. intensity of leaching i~vents. 
a. 0.25 an/hr 
b.. 0. 50 cm/hr 
c .. 1.00 cm/hr 
d. 2.00 cm/hr 
e. 4.00 an/hr 
B. Large scale leaching samples prepared! by TVA for characterization of 
leachable organic acids by Georgia Te~. 
1. Sample preparation at TVA 
2. Isolation and purification of organic acids 
a. Inorganic anions and some cations removed by ultrafiltration 
b. Remaining cations r~~ved by cation exchange resin 
c .. Vacuum evaporation and lyophilization to obtain dried products 
3. Elemental and functional group analyses 
a. organic and inorganic carbon balances on leachate solutions, 
isolated organic matter, and soil sa~les. 
b. carbon, nitrogen, hydrogen content of isolated organic matter. 
c. acid-base titrations of isolated organic matter. 
d. data fitting, via the gaussian distribution model, to give 
concentrations and Clcidic strengths (pKa's) of organic acids. 
C. I so 1 <lti on and characterization of organic acids from Raven Fork Creek 
1. Collection of water san~les 
2. Isolation and purification of organic acids 
a. Initial desalting on cation exchange resins 
b. Reverse osmosis to produce highly concentrated solution 
c. Ultrafiltration and desalting for further purification 
d. Lyophilization to obtain dried product. 
3. Elemental and functional group analyses 
a. carbon, nitrogen, hydrogen content of isolated organic matter. 
b. acid-base titrations of isolated organic matter. 
c. data fitting, via the gaussian distribution model, to give 
concentrations and acidic strengths (pKa's) of organic acids. 
D. Examination of errors in the Gran titration method. 
1. Average acidic functional group concentrations and acidic strengths 
ate used to generate alkalinity and acidity titration data for 
various co~sitions of DOC, DIC, and strong inorganic acidity. 
2. The generated titration data sets are analyzed for strong and weak 
alkalinity and acidity endpoints using the Gran method of analysis 
of titration data. 
III. Results 
A. Analytical scale leaching experiments 
1. forest litter type - preliminary results indicate greater mobiliza-
tion of organic acids from red s1pruce 1 i tter than from the northern 
hardwoods litter under otherwise similar leaching conditions. 
2. temperature- preliminary results indicate that the yields of 
leachable organic acids increase with increasing temperature. 
3. moisture content of litter- pre.liminary results indicate a greater 
rate of production of 1 eachab 1 e ~:>r~gani c acids in dried 1 i tter, 
probably due in part to a more complete re-oxygenation of the 
samp 1 e during the drying process .. 
4. pH of leaching solution1- prelim·inary results indicate a very small 
tendency for greater yi e 1 ds of l4eachab 1 e organic acids at higher pH 
values. The pH values of leachate solutions, however, are virtual-
ly identical in all cases, even 1!;hough the initial leaching solu-
tions ranged from pH 5. 7 to pH 3 .. 5 . 
5. frequency of leaching events - preliminary results indicate that 
the actual concentration of leachable organic acids obtained in a 
single leaching event is lower in frequently leached samples; 
however, greater cumulative yields of leachable organic acids are 
obtained by frequent leachings. 
6. intensity of 1 eachi ng events - pre·l i mi nary results indicate that 
total acidities are greater at lc>wer leaching rates but little 
effect is found on conmon inorganic ions. 
B. Large sea 1 e 1 eachi ng studies for or~Jani c matter characterization. 
1. Recoveries, losses, and final yields of leachable organic acids 
2. Elemental analyses 
3. Acid-Base titrations 
4. Gaussian distribution modeling r~~ults 
C. I so 1 ati on and characterization of Ol"gani c acids from Raven Fork Creek 
1. Yields of stream organic acids 
2. Elemental analyses 
3. Acid-Base titrations 
4. Gaussian di stri buti on mode 1 i ng rE!SUl ts 
D. Exam1 nation of errors in the Gran t:i t;rati on method. 
1. General discussion of Gran methctd 
2. Presentation of generated data set;s at vari ab 1 e DOC, DIC, and 
strong inorganic acidity. 
3. Results of Gran ana 1 yses foY' str·ong and weak a 1 ka 1 i ni ty and aci d1 ty 
endpoints- preliminary results indicate that about 521 of the 
carboxylic acid functional groups in forest litter leachates will 
appear as strong acids in a Gran aLnalysis of acidity titration data 
and that up to 481 of the carboxyl groups will be included in Gran 
estimates of the alkalinities of such solutions. 
IV. Discussion 
A. Factors that influence the rates of production of leachable organic 
acids in forest litter. 
B. Some predictions of relative contributions of internally generated 
organic and inorganic acids and ata~spherically derived inorganic 
acids to watershed acidification. 
C. Comparison of this study with other· soil leaching studies, particular-
ly those conducted by TVA personnel. 
D. Discussion of the limitations of the Gran method in distinguishing 
between •strong• and •we&<• acidity in surface waters 
V. Sunmary 
VI. References 
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EXECUTIVE SUMMARY 
Soil organic acids are abundant, quite acidk, and relatively mobile in forested 
ecosystems. Accordingly, they are a potentially significant source of acidity in those envi-
ronments, and their importance relative to acidic deposition is not well documented. This 
study tests the hypothesis that the concentrations a.nd acidic properties of soil organic acids 
are functions of environmental conditions in soil litter between and during storm events. 
Forest litter samples were collected from the Raven Fork watershed in the Great 
Smoky Mountains National Park. Litter sarnples from red spruce and northern hardwoods 
ecosystems were leached under a variety of controHed laboratory conditions to examine 
the effects of the following parameters on concentrations and acidic properties of litter-
derived organic acids: (1) pH of leaching solution, (2) litter storage temperature, (3) litter 
moisture cont<~nt, (4) leaching intensity, (5) leaching frequency, and (6) litter type. Fur-
thermore, dissolved organic matter from Raven Fork Creek was isolated, characterized, 
and compared with the litter-derived organic acids .. 
The average carboxylic acid content (COC)J-I) of litter-derived organic acids was 5.0 
± 1.5 milliequivalents per gram of organic carbon. No systematic effects of sample storage 
or leaching conditions on COOH values were observed. The actual amount of dissolved 
organic carbon (DOC) that was mobilized from litter samples, however, was dependent on 
experimental conditions. Long periods of storage between leaching events, higher tem-
peratures, and drier conditions all tended to increase the DOC concentrations of leachate 
solutions. Interestingly, the nature of the leaching event itself (pH of leaching solution, 
leaching rate, etc.) had little effect on the mobili:zation of DOC and organic acidity. Red 
spruce litter generally yielded more leachable organic acids than northern hardwoods lit-
ter. 
The elementa1 compositions and acidic properties of litter-derived organic acids 
were insensitive to sample storage and leaching c;onditions. All samples could be succinct-
ly described as a broad distribution of acidic functional groups with a mean pKa (p.) of 4.9 
i 
and a standard deviation (a) of 1.6 pi<a, units. T'he Raven Fork Creek sample, on the other 
hand, had J.£ and a values of 3.0 and 1.8, respectively. 
Because sample storage and leaching conditions do not affect either the acidic 
content or acidic strengths of litter-dedved organic acids, average intrinsic properties of 
these acids can be used in models of watershed acidification, i.e. organic acid concentra-
tions in litter leachate solutions are directly proportional to DOC concentrations. The flux 
of organic acidity (milliequivalents per square meter) that can be generated by R meters of 
rain passing through a forest litter horizon during a storm event is: 
Organic Acidity (meqjm2) = D()C * COOH * R * (1 meq-1/ J.£eq-m3), 
where DOC, COOH, and R are in units of nrilligrams of organic carbon per liter (mg C/1), 
microequivalents per milligram of organic carbon (JJ.eq/mg C), and meters (m). Under the 
conditions of this study, the estimated annual flu" of organic acidity from soil litter hori-
zons is more than 31 times the annual flux of acidity in rainfall in the Raven Fork water-
shed (1 meter of rain with an average pH of 4.9). 
To predict actual fluxes of organic acidity (or DOC) from forest litter during storm 
events, it will be necessary to consider antecedent conditions such as temperature and 
moisture content of litter and the elapsed titne henNeen storm events. The amount of 
organic acidity that eventually reaches a stream depends on the flux of litter-derived 
organic acids and on processes that remove and/ or transform those acids during their 
passage through the soil environment. Even though only about three percent of initially 
mobilized organic acidity in the Raven Fork wat(~rshed eventually reaches Raven Fork 
Creek, the annual flux of organic acidity rough1y equals the annual atmospheric flux of 
acidity. The acidic strength of organic matter in th•e stream is much greater than that of 
the litter-derived organic acids. 
ii 
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OVERVIEW 
The abundances, acidic strengths, and mobilities of soil organic acids are sufficient-
ly great that they should be regarded as a potentially major contributor to the natural 
background acidification of forest soils and surfac(~ waters. Despite the fact that the 
chemical characteristics of these acids are extensively documented in the organic geo-
chemical literature, their contribution to watershed acidification is often overlooked or 
dismissed in quantitative assessments of the effects of "acid rain" on forested ecosystems. 
This report will demonstrate that organic adds in forest litter in the Raven Fork water-
shed, located iln the Great Smoky Mountains National Park, are: 
(1) present in the upper layers of forest soils at instantaneous levels that far exceed a 
year's input of highly acidic "add rain", 
(2) readily leached from soil litter into surface ·waters at such concentrations that the 
annual export of organic acidity frorr1 fon~st soils in the Raven Fork watershed is 
approximately equal to a year's input of highly acidic "acid rain" to those soils, 
(3) continually replenished by decomposition of bion1ass on the forest floor, 
(4) much less acidic than the organic acids that eventually reach Raven Fork Creek. 
The stronger soil-derived organic acids that reach surface waters are easily capable 
of producing the low pH values that are often observed in brown-colored surface 
waters and in clear, but poorly buffered, su1face waters. 
To better understand the processes of formation, mobilization, and transport of 
organic acids in forest soils, several factors that reportedly affect these processes have 
been examined. Given our initial view that the formation of organic acids is biologically 
mediated and that their mobilization and transpor1t are affected both by chemical and 
hydrological factors, the following fac1tors were induded in the study. 
( 1) Forest litter type. The rate and extent of conversion of biomass into soil organic 
acids by soil microorganisms could vary \Vith the nature of the biomass. Soil litter 
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samples were collected from two areas of the Raven Fork watershed, one of which 
contains predominantly red sp1uce (RS) and the other of which contains mixed 
northern hardwoods (NH). 
(2) Temperature. Microbial production of soil organic acids should vary seasonally 
with temperature, being higher in su1nmer than in winter. Two temperatures (3 ° C 
and 24 ° C) were used to simulate the effe,cts of seasonal temperature changes on 
organic acid production in this study. 
(3) Moisture content of litter. High moisture content may inhibit diffusion of oxygen 
into the litter, thereby favoring anaerobic degradation pathways. Biologically 
mediated oxidation of biomass thus rnay vary both quantitatively and qualitatively 
with the moisture content (redox conditions) in forest soil litter. Organic acid 
production was thus studied in both moist and dry litter samples. 
( 4) pH of leaching solution. Because the solub:ilities of organic acids and metal-organic 
salts are functions of pH, the mobilization and transport of soil organic acids is 
expected to be a function of the pH of the;: lc!aching solution. Synthetic rainfall 
solutions of pH 5.6, 4.0 and 3.5 were used to examine this factor. 
(5) Frequency of leaching events. The accurrmiation of organic acids and other 
products of microbial decomposition of bio1nass during the intervals between 
precipitation events may affect the rate and extent of microbial degradation 
through a variety of feedback mechanisms (e.g., suppression of the nitrification 
process at low pH, nutrient transport, andl waste removal). This factor was exam-
ined by leaching soil litter at 2, 4, 8, and 16-day intervals. 
( 6) Intensity of leaching events. The kinetics of mobilization of soluble organic acids 
depends on both the inherent rates of the chemical dissolution processes and the 
length of contact time between leaching solution and soil litter. The effect of rain-
fall intensity (and thus contact time) on rrtobilization of organic acids was examined 
using simulated rainfall rates of 0.25, 0.5, 1.0, 2.0, and 4.0 em/hr. 
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In conjunction with the investigation of the processes of formation, mobilization, 
and transport of organic acids in forest litter, the 1nobilized organic acids have been 
chemically characterized. The effects of the above: six factors on the chemical properties 
of the mobilized organic acids were assessed through measurements of elemental composi-
tion and concentrations of major acidic fun<~tional groups. Differences in chemical proper-
ties of organic acids that were mobilized under dissimilar leaching conditions indicate 
either (1) different source materials, (2) preferential extraction of some components of the 
litter under varying conditions, or (3) differences in the microbiological processes that 
produce mobilizable organic acids. 
To further characterize the mobilized organic acids and, specifically, to make it 
possible to predict their effects on pH and acid neutralizing capacity of poorly buffered 
waters, the acidic strengths of the major classes of acidic functional groups were deter-
mined. Alkaline titration data were analyzed with the Gaussian distribution model of 
Perdue and coworkers to obtain realistic estimates of the spectrum of pKa's in these highly 
complex mixtures. 
This study focuses mainly on formation and mobilization of organic acids in forest 
litter from the Raven Fork watershed; however, not all of the mobilized organic acids are 
expected to ultimately reach surface waters. The chemical properties of dissolved organic 
matter (DOM) in local surface waters are thus likeJy to differ from those of litter-derived 
organic acids. To examine this possibility, a DOM sample was collected from Raven Fork 
Creek and subjected to the same analyses a'; the litter-derived samples. 
Given a viable mathematical description nf the acid-base properties of mobilized 
organic acids and measurements of their acidic functional group concentrations, a series of 
computer simulations of acidity and alkalinity titrations were generated. These "data" 
were used to evaluate the Gran method, which is widely used to separately quantify strong 
and weak acids in a water sample. This evaluation provides insight into the effects of 
organic acids on acidity and alkalinity measuremtents. 
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EXPERIMENfAL 
Samples of forest litter were collected front two sites in the Raven Fork watershed, 
which is a remote, high-elevation watershed in the Great Smoky Mountains National Park 
(Fig. 1). This watershed was chosen because of its remoteness (minimal anthropogenic 
influence) and because it has been a subject of sorr1e previous studies by TV A One 
sample collection site had a principal~cover of red spruce (RS) while the other had a 
mixed northern hardwoods (NH) cove:r. 
Sample collection was carried out early in June, 1985, as soon as access to the 
collection sites could be assured (winter weather conditions can prevent access to these 
sites until late spring). A quantity of litter that was sufficient for the entire study (several 
kilograms) wa'i collected from each site. The material collected was the upper 1-3 em of 
soil litter and was composed principally of identifiable leaf or needle fragments, probably 
from the previous fall. Litter collection was carried out manually to avoid contamination 
of the recent litter with highly decomposed leaf litt~er that was present immediately below 
the recent litter. Soil temperature at the time of collection was between 8 ° C and 10 ° C. 
Litter samples were placed in new polyethylene bags, which were placed in burlap 
bags for transport out of the watershed. After transport from the remote watershed, which 
required about six hours, the samples were placed in Styrofoam coolers with ice for trans-
port to the laboratory. At the laboratory, all litter 1naterial was stored in refrigerators 
maintained at 3 ° C. The forest leaf litter samples \vere quite heterogeneous in structure, 
color, etc., so, prior to the leaching experiments, the leaf litter material from each site was 
manually mixed to decrease sample heterogenei~y. 
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Collection of Surfae<~Water Sample 
A fifty-five gallon sample of water from :Raven Fork Creek was collected in 20-liter 
polyethylene carboys in May, 1986. The water santple was taken at a site just above the 
water intake to Blankenship's Trout Farm, where JRaven Fork Creek exits the Smoky 
Mountain National Park (see Figure 1). At the 1time of sample collection, this area was 
experiencing a period of extended drought and vvater levels in the creek were quite low. 
Water samples were transported to Georgia Tec:h, stored at 4 • C, and processed within 
three days. 
Litter Leaching l~periments 
A series of leaching experiments was designed to separately examine the effects of 
the six factors that were described in the previous section on the processes of formation, 
mobilization, and transport of organic acids in forest soils: 
(1) forest litter type 
(2) litter temperature 
(3) moisture content of litter 
( 4) pH of leaching solution 
(5) frequency of leaching events 
( 6) intensity ("rain" rate) of leaching events. 
The arbitrarily selected standard conditions for th~:se leaching experiments for a given 
type of litter are: moist litter samples stored at room temperature (24 ·C) and leached 
every two days with pH 5.6 synthetic rain at a "rain" rate of one cm/hr for five hours. 
Synthetic rain was prepared from deioniZ~ed water (resistance 16.7 Mn-cm or high-
er) to which Na +, K +, Mg2 +, Ca2 +, NH4 +, Cr, N03 -, and S042- were added at con-
centrations of 5, 2, 5, 11, 12, 12, 12, and 11 ~-teq/L, respectively. These concentrations 
were suggested by Lee and Weber (1980) and wen~ based on a 7-year average for precipi-
6 
tation collected at Hubbard Brook, New Hampshire (Likens and Bormann, 1975), after 
correction for estimated sulfuric and nitric acid components. The resultant solution was 
equilibrated with atmospheric C02 to obtain a synthetic rain with a pH between 5.5 and 
5.8 (subsequently designated as pH 5.6 synthetic rain). Acidic rain (either pH 4.0 or 3.5) 
was prepared by amending the pH 5.6 synthetic :rain with sulfuric and nitric acid (2 to 1 on 
an equivalent basis, respectively). Synthetic rain solutions were freshly prepared every 10 
days to minimize microbial contamination. 
Litter samples were leached using a cherrtical vacuum extractor designed and 
manufactured by Concept Engineering, Inc., Lincoln, Nebraska. This device utilizes 60 ml 
plastic syringes in a tandem arrangement to hold the leaching fluid, the litter and the final 
leachate (Fig. 2). This arrangement nlinimizes gas exchange between the leachate solu-
tion and the laboratory atmosphere. ·The electrically powered apparatus can be controlled 
to generate a wide range of leaching rates (0.1 to 24 em of "rain" per hour). 
In a typical leaching experiment, 20 g of forest litter was weighed and placed into 
leaching tubes and packed to a litter depth of approximately 5 em, which is slightly greater 
than the thickness of the litter at the sample sites. A 5-cm depth of synthetic rain ( approx-
imately 38 ml) was placed in each reservoir tube in the extractor apparatus. The synthetic 
rain was applied at the rate specified for the exp,eri[ment and the leachate solution was 
collected. At the conclusion of the leaching experiment, the leachate solution was re-
moved from the leachate syringe, placed into a clean polypropylene test tube, sealed and 
refrigerated until analysis. A sufficient number of these leaching columns was utilized (in 
parallel) to provide about 1200 ml of litter leachate solution in each experiment. 
Preliminary leaching experiments indicated that leachate samples were quite varia-
ble in composition, due in part to the sample heterogeneity but also caused by variations 
in sample packing in the leaching apparatus. It is c~stimated that ten or more replicates of 
each leaching experiment would be nc~eded to statistically overcome these problems. 
Because there were inadequate resources at 1V.A Jfor this level of replication, each exper-
iment was replicated only three times. 
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Figure 2. Schematic of Leaching Apparatus. 
Forest Litter 1~ 
The rate and extent of conversion of biomass into soil organic acids by soil mi-
croorganisms could vary with the nature of the bion1ass. Previous TV A studies in the 
Raven Fork watershed indicated that there were qualitative and quantitative differences in 
leachable organic acids from forest litters of different vegetation type (Jones et al., 1983; 
Noggle et al., 1984). This factor was evaluated by conducting all leaching experiments on 
two quite different litter samples, one from a pn~:dominantly red spruce forest (RS) and 
the other from a predominantly mixed northern ]hardwoods forest (NH). 
Litter Temperature 
Microbial production of soil organic acids should vary seasonally with temperature, 
being higher in summer than in winter. The effect of temperature on the long-term re-
lease of organic acids from forest litter was studited by comparing leachate solutions ob-
tained under standard conditions with those obtained at 3 ° C. Specifically, litter samples 
were stored between successive leachings at either 24 ° C or 3 ° C for a total of 32 days. 
This set of experiments was also used to evaluate leaching frequency effects (see subse-
quent discussion). 
Moisture Content of Litter 
High moisture content may inhibit diffusion of oxygen into the litter, thereby favor-
ing anaerobic degradation pathways. Biologically rnediated oxidation of biomass thus may 
vary both quantitatively and qualitatively with the rnoisture content (redox conditions) in 
forest soil litter. Organic acid production was studied by comparing leachate solutions 
obtained under standard conditions (moist) and dry conditions. Specifically, litter samples 
were stored between successive leachings over a ten-day period either in a moist condition 
(excess water was displaced from the litter colum:n with air) or in a dry condition (litter 
samples were allowed to completely air-dry). 
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pH of Leaching Solution 
Because the solubilities of organic adds and metal-organic salts are functions of 
pH, the n1obilization and transport of soil organic acids is expected to be a function of the 
pH of the leaching solution. The effect of synthetic rain pH on litter leachate composition 
was studied by successively leaching litter samples over a ten-day period, using either 
standard leaching solution (pH 5.6) or acidified synthetic rain (pH 4.0 or 3.5). All other 
leaching parameters were maintained at standard 4:onditions. 
Frequency of Leaching Events 
During the intervals between precipitation events, organic acids and other products 
of microbial decomposition of biomass accumulate in forest litter, possibly affecting, in 
turn, the rate and extent of the microbial degradation processes. These substances are 
rapidly mobilized from forest litter during a precipitation event, and can cause large 
temporal variations in the concentrations of soil-derived organic acids in streams. The 
magnitude of these effects should depend on both the amount of accumulated organic 
acids in the litter and the intensity of the event. 'TI1e effect of leaching frequency was 
evaluated by leaching litter samples at 2, 4, 8, and 16-day intervals over a 32-day period. 
These experiments were also used to evaluate te:mperature effects (see previous discus-
sion). 
Intensity of Leaching Events 
The effect of rainfall intensity (and thus contact time between leaching solution and 
soil litter) on the extent of mobilization of organiic acids depends on the relative rates of 
many chemical and transport processes. This fa<:tor was examined by successively leaching 
litter samples with synthetic rain at the standard rate (1.0 cm/hr) and at rates of 0.25, 0.5, 
2.0, and 4.0 cm/hr for a six-day period. All other le:aching parameters were maintained at 
standard conditions. 
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Analysis of Litter Leachate Solutions 
The chemical characterization of each leachate included concentrations of selected 
inorganic cations and anions, pH, total and weak acidity, and total organic carbon. All 
reagents, buffers, and other chemicals were reagent-grade commercial products. More 
specific infomtation is provided belo\\'. 
Major Cations and Anions 
Principal cations (K +, NH4 +) were measured using a Dionex QIC ion chromato-
graph equipped with a Dionex CSl analytical column. The eluent used was 5mM HCL. A 
Dionex micrornembrane cation suppressor was used with a 40 mM tetramethylammoniun1 
hydroxide regenerant. The limits of detection W(~re 5 J,Leq/L forK+ and 3 J,Leq/L for 
NH4 +. Major anions were determined using a Biorad model 300 liquid chromatograph 
which was equipped with a Dionex AS4A analytical column and a Dionex AG4A guard 
column. Elution was carried out with a solution ~containing 1.7 mM NaHC03 and 2.3 mM 
Na2C03. Suppression was accomplished with a Dionex micromembrane suppressor using 
25 mM sulfuric acid as regenerant. Ion chromatography data were collected, processed 
and analyzed using an Apple lie microcomputer equipped with Interactive Microware 
Chromatochart software and associated data acquisition hardware. 
pH. Total Acidity. and Weak Acidity Determinations 
Several overall acid-base properties of each litter leachate solution were deter-
mined by monitoring solution pH values before and during titration of the solution. A 
coulometric titration procedure similar to that de:scribed by Liberti et al. (1972) was used. 
A 20 ml aliquot of litter leachate solution was arr.tended with 200 J.LL of 4M potassium 
bromide to adjust the ionic strength to 0.04M. This procedure facilitates computation of 
the concentration of free acidity (H +) from the initial pH and provides the necessary 
electrolyte and reactant for the coulon1etric proo~~.._ Dissolved carbon dioxide, which 
would otherwise contribute to the tota:l acidity of a sample, was removed from all solutions 
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by sparging with nitrogen gas prior to and during all titrations. For the titration, hydroxide 
ions were generated in solution coulometric:ally using a Princeton Applied Research 
Corporation (PARC) Model173 pote:ntiostat/galvanostat equipped with a PARC Model 
179 digital coulometer (Fig. 3). The solution pfl[ ~ras monitored continuously with a 
Radiometer Model PHM 84 pH meter equipped ~rith an Orion semi-micro Ross type 
combination pH electrode. All titrations were tenninated at a final pH of 10.5. 
The titration data (pH and amount of Ofr generated) were collected, processed 
and plotted with an Apple model lle microcomputer equipped with an Interactive Micro-
ware, Inc. AD.AIAB data acquisition systent. The hydrogen ion concentration of the ini-
tialleachate solution and each titration point was <;alculated from the pH, assuming an 
activity coefficient (0.85) for a solution with the ionic strength established by the concen-
tration of potassium bromide. The data were plotted using the method proposed by Gran 
(1952) from which the total acidity was obtained . rweak acidity was calculated as the dif-
ference between total acidity and the sum of H + and NH4 + concentrations. A much 
more complete discussion of this procedure, including its limitations, is discussed in a 
subsequent section of the report. 
Total Ori:anic Carbon 
Total organic carbon in each leachate solution was determined using a Coulomet-
rics Model5030 Total Carbon Analyzer with Coniometer. This instrument oxidizes the 
organic carbon in a 200 J,£L aqueous sample by dry combustion in an oxygen stream at 
905 ° C to C02, which is subsequently :measured in a coulometric titration cell. The in-
strument was periodically calibrated against prirrtary standard potassium hydrogen phtha-
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Figure 3. Digitc!l Coulorru~t·er. 
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Isolation and Characterization of Leachate Organic Acids 
Isolation and Preparation 
One-liter aliquots of selected litter leachate solutions were shipped from TV A to 
Georgia Tech, where they were processed further to purify and isolate leachate organic 
acids. The leachate solutions initially contained inorganic and organic particles, 50-250 
mg/L of dissolved organic carbon, and a variety of inorganic solutes that were mobilized 
from the forest litter samples. The Raven Fork Cr~eek water sample, in contrast, contained 
much lower concentration of DOC ( ~ 3 mgC/1) and relatively high concentrations of 
inorganic solutes. 
A reverse osmosis process similar to that :rejported by Serkiz and Perdue (1990) was 
used to concentrate 55 gallons of Raven Fork Creek water to a volume of five gallons. 
The five-gallon concentrated solution was further c:oncentrated to a volume of two liters 
using a rotating vacuum evaporator at 35 ° C. The final concentrated solution was subse-
quently processed identically to the leaf litter leachate solutions. 
The preparation procedure described hene \Vas intended to remove the inorganic 
ions to yield a low-ash freeze-dried organic solid product. As subsequent results will show, 
however, the effort was only partially successful and many titration results were ultimately 
unusable. Litter leachate and creek samples were ilnitially centrifuged at 15,000 rpm for 40 
minutes to retnove particulate matter. After the supernatant solution was decanted, the 
remaining particulate matter was treated with O.llN NaOH at pH 9 to recover base-soluble 
organic matter that had precipitated in the initially acidic leachate solutions. After re-
centrifugation, the base-soluble supen1atant fraction was added to the original supernatant 
solution. The base-insoluble particulate matter was removed and dried for use in a final 
carbon balanc~!. 
Major catio~ anio~ and silica were removed from the DOM solutions by continuous 
washing with about one liter of 10-4 M HCl in a 40[)-ml stirred ultrafiltration cell that was 
equipped with an Amicon YM-2 membrane (1000 lMW cutoff). The solution containing 
14 
the organic acids was gradually concentrated to a volume of 200 ml while being freed of 
soluble inorganic impurities. The solution that passed through the membrane was ana-
lyzed for organic carbon, major cations, and sulfatt~. Organic carbon was analyzed as 
previously described on a Coulometrics Model5030 Carbon Analyzer. Standard atomic 
absorption methods were used to dt~termine the concentrations of major cations (calcium, 
magnesium, and iron). Sulfate was analyzed by tht~ colorimetric method of Reijnders et. 
al. 1979. The final concentrated DOM solutions contained less than 0.5 and 0.1 mg/L of 
major cations and sulfate, respectively. 
The ultrafiltration method was unable to completely remove major cations, because 
those cations form complexes with DC)M. The residual major cations were removed by 
passing the ultrafiltered organic acids through a ~column of Dowex cation exchange resin 
(AG50W-X8, :H+ -form). The desalted samples were then further concentrated by vacuum 
evaporation and freeze-dried to obtain an organllc .acid product. Elemental analyses of 
carbon, hydrogen, and nitrogen and ash contents w·ere determined on the final isolated 
solid organic acid samples by a local commercial laboratory. 
Organic carbon yields, calculated from the initial TOC values of bulk leachate 
solutions and the carbon contents of final freeze··dried products, are available for most 
leachate samples. These data were not, however, available for the creek sample. A 
complete organic carbon balance at st~veral inteJtmediate points in the isolation procedure 
was obtained for selected samples. 
Functional Group Analysis 
Isolated litter leachate organic acids and :Raven Creek DOM were titrated with 
strong base to determine the abundances and acidic strengths of major classes of acidic 
functional groups. Freeze-dried organic acid sarnples were redissolved in RO pure water 
and adjusted to a concentration of 500 mg C/1. 1\ 15-ml aliquot of the 500 mg C/1 solution 
was titrated under N2(g) at 25 • C with a 0.5 N K1DH solution that was standardized against 
primary standard potassium hydrogen phthalate .. 
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Each entire titration, including electrode calibration and the actual titration, was 
controlled by a BASIC computer program executing on an IBM XT computer that was 
equipped with a National Instruments GPlli-PC interface card and a Data Translation 
DT2805 low level data acquisition board. This system controlled a motor-driven 2.5 ml 
Gilmont micro buret and stirrer systen1 and 1nonitored electrode potentials of a Ross 
combination electrode that was interfaced to a Blewlett Packard model3478A multimeter. 
The Ross electrode was calibrated against commtercial pH standards (pH 3.01, 7.39, 9.41) 
prior to each titration. 
Each pH measuren1ent (standard or sample) was made by monitoring the Ross 
electrode until either 100 successive voltage reading were within a standard deviation of 
0.25 millivolts or a total of 500 voltage readings had been made without the convergence 
criteria being Inet. After the electrode calibration procedure was completed, the initial 
pH of the organic acid solution was determined. Subsequently, increments of titrant were 
added and stirred to insure adequate 1nixing with the sample, the stirrer was turned off to 
establish quiescent conditions in the titration cell, and the pH of the solution was meas-
ured. The volume of titrant added in a given inc:re:ment was automatically adjusted to 
insure that at least 50 data points would be obtained and to try to cause a pH change of 
about 0.2 pH units. The total titrant volume used in a titration was the volume needed to 
reach a final pH of 10.5-11.0, and was typically 180-250 ~-£L. 
The raw titration data are sets of [Base volume, pH] data points that must be 
converted into equivalent sets of [pH, I:[ A(]] points before abundances and acidities of 
acidic functional groups can be detern1ined. This conversion procedure uses the electro-
neutrality equation for the titration as its starting point. 
(1) 
In this equation, c8 and C A represent initial strong base cations and anions that might be 
present in the sample and CT is the concentration of added base titrant. As written, this 
equation assumes that there are no weak acids and bases other than the organic acids 
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being titrated. Contamination by NH3, HzC03, H:4Si04, etc. would invalidate the equa-
tion and lead to erroneous estimates of the organi<; anion concentration. Concentrations 
of H + and Olr were obtained from pH, using the Davies equation the estimate ionic 
strength at each point in the titration. This calculation is necessarily an approximate and 
iterative one, because the ionic strength of these dilute solutions is significantly affected by 
H+ and OH- at the lowest and highest pH values of the titrations and by I:[ Ai-l at in-
termediate pH[ values. 
Carboxylic acid content was estimated as the value of I:[ Ai -] at pH 8.0, normalized 
to organic carbon concentration (J.£eq COOH/mg C). Other parameters were obtained by 
fitting titration data to the Gaussian distribution model of Perdue and coworkers (Perdue 
and Lytle, 1983; Perdue et al., 1984). In the Gaussian distribution model, it is assumed 
that the acid-base properties of an extremely cornplex mixture of organic acids can be 
represented by a continuum of acidic functional groups, the ith of which is present at a 
concentration Ci and has a pKa of pKi. The probability of occurrence of an acidic func-
tional group is related by a normal probability curve to the Gibb's free energy (or pKa) for 












In other words, within a ·c1ass· of acidic functional groups, those functiona1 groups whose 
Pl<a va1ues are similar to the mean pKa are far n1ore likely to occur than are much strong-
er or weaker functional groups. In the preceding figure, the asterisks are a crude repre-
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sentation of the normal probability curve, which, in this model, is: 
Prob = [1/(a./211")] exp[··0.5 [(J.'- P:l<a)/a)2] 
The mole fraction of acidic functional groups in th(~ interval [ d pKa] is the area of the 
enclosed rectangle in the figure, which is: 
Ci/CL = Prob * [d P:l<a] 
(2) 
(3) 
Note that 68% of the area under the normal probability curve, and hence 68% of the 
acidic functional groups in the san1ple:, lie within the pKa interval of [J.'-a] to [J.' +a]. Using 
this conceptual model, the acid-base properties of litter leachate organic acids are suc-
cinctly described by two classes of acidic functional groups, each of which is defined by its 
concentration, mean pKa, and standard deviation of PKa values around the n1ean ( C, J..£, 
and a). The two classes of acidic functional groups are presumably carboxylic acids and 
phenols, although the phenol fraction probably includes other weak acids. 
Modelin~ Gran Titration Estimate~; of Stron~ and Weak Acidity 
In attempting to assess the short-tenn and long-term effects of acidic deposition on 
the titration alkalinities and/ or acidities of lakes and streams, many authors have attempt-
ed to distinguish between "strong" and "weak" acids in natural water samples, the implica-
tion being that "strong" acids are a measure of at1nospheric inputs of sulfuric and nitric 
acids. One of the most common analytical n1ethods that is used for this purpose is the 
Gran function analysis of potentiometric titration data. 
Several authors have demonstrated that dilUtte solutions of simple organic acids 
(especially relatively strong acids) cause conceptua] problems in interpretation of Gran 
titration results (Barnard and Bisogni, 1985; Keene and Galloway, 1985). Similar prob-
lems are expected when the method is applied to water samples containing humic sub-
stances, such as surface waters or the litter leachat(! solutions. The computer simulations 
that have been conducted in this research make it possible to evaluate the performance of 
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the Gran method in water samples containing a ,Ni_de range of strong and weak acids and 
bases, including litter leachate organic acids. 
The electroneutrality equation (1) can be further generalized by letting CB repre-
sent all strong base cations (initial concentration plus added base titrant) and similarly 
letting C A represent all strong acid anions. Dropping the CT term, which is now a part of 
CB, Eq. 1 can be rearranged to yield the Acid Neutralizing Capacity (ANC) of a solution: 
(4) 
If the ANC equals zero, the pH of the solution is simply that of a pure solution of litter 
leachate organic acids (:E[HAiD· Negative or positive ANC values indicate solutions that 
contain excess strong acids and strong bases, respectively. A titration with strong acid or 
base simply changes the [CB - C A] term, causing corresponding changes to occur on the 
right hand side of Eq. 4. When numetically gene:ra.ting titration data, it is far easier to 
systematically vary the right hand side of Eq. 4 and calculate the ANC term, assuming that 
the pH dependence of :E[Ai-] is known or can be realistically modeled. 
Acidity titrations are conducted by monitoring pH as strong base is added to a 
water sample (increasing CB), and an:: exactly the opposite of alkalinity titrations, in which 
strong acid is added to a water san1ple (increasing C A). The subsequent discussion fo-
cuses on acidity titrations, but is equally applicable to alkalinity titrations, which will not 
be further discussed. A Gran plot is simply a plot of [H+] or [OH-] vs. ANC, CB, or CA. 
At the simplest level, a Gran analysis assumes that~ in the absence of weak acidity, one 
mole of H + will be neutralized for each mole of added OH- in an acidity titration. There-
fore, a plot of [H +] vs. ANC should have a slope of -1 up to the equivalence point of the 
titration. Beyond that point, the sample contains. nothing to react with added base, so one 
mole of [OH-] will appear in solution for each mole of added base, and a plot of [OH-] vs. 
ANC will have a slope of + 1. Overall, the (iran plot of the acidity titration of a strong 
acid will thus consist of two straight lines that int~ersect the X-axis at a common point. 
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When a sample contains weak acids, the [I-I+] vs. ANC and [OH-] vs. ANC curves 
for an acidity titration do not intersect the X-axis at the same point, and, in fact, may not 
even be straight lines with slopes of -1 and + 1. Even in such instances, the X-axis inter-
cepts of the H + and OH- Gran functions are still often interpreted as the Strong Acidity 
and Total Acidity of the sample, respectively. The Weak Acidity is then estimated as the 
difference between Total and Strong Acidity. 
The principal complication in (iran function analysis of titration data for weak acid 
solutions arises because most common weak acids are appreciably ionized in dilute 
aqueous solutions. Dissociation of th(! weak acid causes significant non-linearity in the 
[H+] Gran curve and consequently prevents an accurate determination of Strong Acidity. 
The problem can be minimized to some extent by pre-acidification of the sample with a 
known quantity of strong acid to suppress dissociation of the weak acid. This remedy is 
most effective when applied to relatively concentrated solutions of relatively weak acids. 
The mathematical description of the above phenomena can be rigorously derived 
for simple solutions of known weak acids for which the pH dependence of :E[A(] in Eq. 4 
can be expressed in terms of appropriate mass a<~tion laws and mass balance constraints. 
The complexity of the mixture of organic acids found in natural waters and litter leachate 
solutions is far too great for such rigorous approaches to be used. Rather, the pH depend-
ence of :E[ Aj_ -] must be represented by some chernically-based model of the acid-base 
properties of such mixtures. The approach taken by Perdue and coworkers is known as the 
Gaussian distribution model (Perdue and Lytle, 1983; Perdue tlJ!l., 1984). 
In the calculations that were done in this study, titration data were numerically 
generated for solutions containing various concentrations of strong acids, strong bases, and 
litter leachate organic acids. Data were generatc::d at 0.1 pH intervals in the pH 3.0-11.0 
range. The organic anion concentration :E[A(] Yla.s calculated at each pH from the aver-
age Gaussian distribution model fitting parametc:rs of litter leachate organic acids (see 
later results and discussion). The Gran functions for Total Acidity and Strong Acidity 
were computed using data from pH 3.0-4.0 and fro1n pH 10.0-11.0, respectively. 
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RESULTS 
Litter Leaching E~eriments 
The matrix of litter leaching experiments that was described in the EXPERIMEN-
TAL section generated 660 leachate solutions (thre:e replicates of 220 leaching experi-
ments) which were analyzed for pH, total acidity [TotACY], total organic carbon [TOC], 
[K+], [NH4 +], [Cr], [N03-], and [S04
2-]. The I[H+] values were calculated from pH 
using an activity coefficient of 0.85. Weak acidity [WeakACY] was calculated as [TotACY] 
- [H+]- [NH4 +]. 
The following protocol was used to estimatt:: the small number of data points that 
were missing in this data set. If two of three replicate measurements are available, their 
average is used for the missing value. If only one r~eplicate is available, its value is used for 
both missing values. If all three replicates are missing, then each sample is independently 
estimated from adjacent data points in a leaching series. For example, in a typical experi-
ment, where samples are leached every two days, data for a 4-day sample would be esti-
mated as the average of the data for the 2-day and 6-day samples. Estimated values were 
neglected in calculation of averages, standard deviations, and cumulative yields. 
The cornplete raw data set, including estitnates of missing values that are given in 
square brackets, is given in Appendix .A. Averages and standard deviations were comput-
ed from the three replicates of each experirnent, and the results are given in Appendix B. 
This data set was corrected for the composition of .initial leaching solutions and converted 
into units of J,Leq/kg litter (38 ml of leaching solution per 20 g of litter). Appendix C 
contains a cumulative data set that documents the ~effect of successive leachings of a 
sample. Raw data were corrected for the composition of initial leaching solutions, con-
verted into units of J,Leq/kg litter, and then added to obtain the cumulative data set The 
entire process of converting a raw data set into oorrected average and cumulative data sets 
is illustrated in Table 1. 
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Table 1 includes the average initial compositions of the three leaching solutions 
(pH 5.6, 4.0, and 3.5). The pH 5.6 solution also contains 2 ~eq/1 of Hco3-. The tabulated 
values for Hand TotACY were calculated assuming electroneutrality and that only H + 
and NH4 + are included in TotACY. Experimental measurements of Hand TotACY were 
in generally good agreement with calculated values, the major exception being the TotACY 
of the pH 3.5 solution, which was only about 77% of the calculated value. 
As anticipated, the heterogeneity of the litter and typical reproducibility problems 
associated with column leaching studies ultimately caused significant noise in the experi-
ments. A further problem is thought to have arisen from time-dependent changes in the 
properties of the litter samples during the 18 months that were needed to conduct the 
experiments, even though the samples were refrigerated until used. To convey some 
general sense of the reproducibility of these exp(:riments, the average, minimum, and 
maximum relative standard deviations for triplicate measurements of chemical parameters 
in all experiments are summarized in Table 2. Qv(:rall, the typical measured parameter 
was measured in triplicate with a standard deviation of about 23 percent. 
Four major experiments were designed to evaluate the six previously identified 
factors that may influence the formation, mobilization, and transport of organic acids from 
forest soils to streams. While all experiments investigated the effect of forest litter type, 
the most complex experiment also studied the effects of litter temperature and leaching 
frequency. Separate experiments were conducted to isolate the effects of leaching solution 
pH, intensity of leaching events, and moisture content of litter between leachings. All 
experiments employed a cumulative leaching protocol, in which samples were leached at 
designated time intervals (usually 2-day intervals) for a total elapsed time of 6, 10, or 32 
days. It is thus convenient to use Leaching l)ay as an independent variable for graphical 
representatior~. of the results of all leaching expedments. A few selected plots that illus-
trate typical trends in raw, average, and cumulative data sets are given in Figures 4-6. 
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TABLE 1. Construction of Average and Cumulative Data From Raw Data 
Leaching Solution (J.£eq/L) 
Leach pH* H K NH4 Cl N03 804 TotACY 
5.6 2 2 12 12 12 11 14 
4.0 109 2 12 12 46 86 121 
3.5 338 2 12 12 124 237 350 
Raw Data (J.£eq/L) 
Day H K NH4 Cl N03 804 TotACY 
2 14.6 79 394 11 165 3 855 
4 28.4 108 488 10 221 8 1386 
6 33.6 108 443 14 256 11 1225 
2 9.3 88 463 8 124 6 1104 
4 11.6 121 562 4 104 9 1421 
6 17.9 122 409 10 154 10 1200 
2 12.7 56 421 9 129 6 920 
4 15.9 87 403 6 146 10 1143 
6 24.3 92 326 12 203 10 1020 
Average Net Data (J,£eqjkg litter) 
Day H K NH4 Cl N03 804 TotACY 
2 19.4 137 787 - 6 242 -12 1801 
4 31.6 196 897 -10 276 - 4 2479 
6 44.2 200 723 0 365 - 2 2159 
cumulative Net Data (J,£eqjkg Litter) 
Day H K NH4 Cl N03 804 TotACY 
2 23.9 146 726 - 3 291 -15 1602 
4 74.1 348 1630 - 7 688 -22 4212 
6 134.1 549 2449 - 3 1151 -21 6517 
2 13.9 163 857 - 8 213 -10 2075 
4 32.1 390 1902 -23 388 -14 4752 
6 62.3 618 2656 -27 657 -17 7009 
2 20.3 103 777 - 6 222 -10 1725 
4 46.7 264 1520 -18 477 -13 3874 
6 89.1 435 2117 -19 840 -15 5789 
* Only the pH 5. 6 data were used in ·this example. 
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TABLE 2. Relative Standard Deviations of Chemical Measurements 
Relative Standard Deviation (%) 
Parameter Avera9e Minimum Maximum 
H+ 30 0 105 
K+ 22 0 60 
NH+ 19 3 56 
Cl
4 
24 2 109 
N03- 19 3 83 so 2- 23 2 88 4 
TotACY 18 2 58 
WeakACY 27 4 131 
TOC 25 0 139 
TABLE 3. Coding Scheme Used In Bulk Litter Leaching Studies 
Storage Conditions Leach Rate 
Litter Type Temperature Moisture (cmjhr) Leach pH 
R = Red Spruce H = 24°C w -- Wet A = 0.25 A = 5.6 
B = 0.50 B = 4.0 
N = Northern c = Joe D -- Dry c = 1.00 D = H2o 
Hardwoods D = 2.00 
E = 4.00 
Example: RHWAA is a red spruce sample stored wet at 24•c and 
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Isolation and Characterization of Leachate Organic Acids 
A number of litter leachate organic matter samples were isolated from bulk litter 
leaching experiments. To facilitate the presentation of results and subsequent discussion 
of these samples, a sample coding protocol is introduced in Table 3. 
Isolation and Preparation 
The extracted and isolated amounts of dissolved organic carbon (calculated from 
DOC x Volume) in each bulk leaching experiment are presented in Table 4. The yields 
and percent recoveries vary greatly between experiments. We observed that the highest 
yields were obtained on fresh litter samples, suggesting that some type of alteration oc-
curred during sample storage. Percent recoveries averaged 68% (Table 4 ), indicating a 
32% loss of DOC in the isolation/purification scheme. Nonetheless, our DOC recoveries 
were generally better than the 30-50% recoveries obtained by adsorption of DOC on 
XAD-8 resin ('Thurman and Malcolm, 1981 ). D()(~ losses during cation exchange and 
ultrafiltration of a typical sample (Table 5) are consistent with the average recovery of 
68% given in 1'able 4 and suggest that most of oUtr DOC loss occurs during ultrafiltration. 
Extraction methodology was not a major cotnponent of this project and will not be 
discussed in the following section of the report. 1~evertheless, it is worth noting that low 
molecular weight compounds are preferentially lost in our ultrafiltration procedure, while 
hydrophilic polar compounds are preferentially lost in the XAD resin procedure. The two 
methodologies would therefore be expected to yield different fractions from a common 
starting sample. We believe that the loss of low Inolecular weight compounds is less 
detrimental than the loss of polar compounds in this particular study, where the emphasis 
is on acidic functional groups. Furthermore, Shuman (1990) has suggested that the isola-
tion of DOM by adsorption on XAD resins rnay result in isolated samples with very similar 
chemica.l properties, regardless of sample origin. For these reasons and the greater overall 
recoveries of DOC, we believe that the ultrafiltration procedure yields a more representa-
tive fraction of the original litter leachate organi<= matter. 
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TABLE 4. Carbon Balance During Isc>lation of Bulk Litter Leachate 
Samples 
Extracted Isolated Percent 
Sample mg c mg c Recovery 
NHWBA 116 75 65 
RCWCA 30 21 70 
RHWAA 240 178 71 
RHWDA 
NHWCA 31 14 45 
NHWAA 54 38 70 
NHWCB 54 15 27 
NCWCA 43 30 70 
RHWCD 179 109 57 
NHWCD 128 88 65 
RHWBA 91 68* 74 
RHWCA 360 344* 96 
RHWCB 120 64* 53 
RHWEA 106 81* 76 
RHDCA 52 56* 108 
Average 115 84 68 
Std Dev 93 86 20 
Maximum 360 344 108 
Minimum 30 14 27 
* Carbon yield was calculated from the yield of isolated product 
and its elemental composition rat:her than from DOC concentration 
and solution volume. 
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Freeze-dried litter leachate organic matter samples were analyzed for carbon, 
hydrogen, nitrogen, and ash, and oxygen was calculated by difference as %0 = [100-%C-
%H-%N-%Ash]. Atomic H/C, N/C, and 0/C ratios were then calculated to examine 
how the elemental compositions differ from their parent materials and how they vary with 
leaching conditions. Table 6 presents these data and comparable data for the Raven Fork 
Creek DOC sample. 
TABLE 6. Average C,H,N Analyses of I .. i·tter Leachate Organic Matter and 
Raven Fork Creek Dissolved Organic Matter 
Sample % c % H % N % Ash H/C 0/C 
RHWCA 46.84 5.84 3.65 8.58 1.50 0.70 
RHWCB 42.99 5.50 2.89 13.51 1.54 0.85 
RHWAA 45.74 4.87 1.88 2.80 1.28 0.78 
RHWBA 44.51 5.20 2.91 4.22 1.40 0.80 
RHWDA 46.01 5.42 2.83 4.76 1.41 0.75 
RHWEA 46.20 5.43 3.24 5.57 1.41 0.73 
RHDCA 46.11 5.58 3.52 6.51 1.45 0.73 
NHWEA 46.04 5.00 2.25 9.27 1.30 0.76 
NHWAA 46.96 4.82 1.97 8.82 1.23 0.74 
RHWCD 45.97 4.83 2.28 3.18 1.26 0.77 
NHWCD 46.26 5.06 2.74 6.14 1.31 0.74 
Average 45.78 5.23 2.74 6.67 1.37 0.76 
Std Dev 1.07 0.33 0.57 3.02 0.10 0.04 
Raven Fork 52.30 5.09 0.44 28.03 1.17 0.60 
Creek DOM 
C, H, and N percentages are on a dry, ash-free basis. 
Functional Group Analysis 
Estimates of carboxyl group content and total acidity of these samples were ob-
tained by titrations with standard KOI-1 solution, as described in the EXPERIMENTAL 
section. To provide more insight into the nature of the data manipulations described 
there, an illustrative example for a subset of titration data points is given in Table 7. It is 

















TABLE 7. Example Titration Data Subset For Sample RHWBA 
Initial Corrected Initial Corrected 
pH pH l: [.Ai - ] L[Ai-] 
3.537 3.543 2~96E-04 2.92E-04 
3.994 3.991 6 .. 49E-04 6.49E-04 
4.472 4.462 9 .. 05E-04 9.06E-04 
5.047 5.029 1.21E-03 1.21E-03 
6.086 6.054 1 .. 74E-03 1.74E-03 
7.003 6.960 2 .. 17E-03 2.17E-03 
8.068 8.012 2 .. 61E-03 2.61E-03 
9.162 9.092 3 .. 13E-03 3.13E-03 
9.751 9.673 3 .. 52E-03 3.52E-03 
9.984 9.903 3.69E-03 3.70E-03 
10.263 10.178 3 .. 92E-03 3.93E-03 
10.504 10.416 4 .. 10E-03 4.12E-03 
10.726 10.634 4 .. 30E-03 4.33E-03 
10.994 10.897 4 .. 77E-03 4.83E-03 
11.035 10.937 4.88E-03 4.94E-03 
11.052 10.953 4894E-03 5.00E-03 
11.083 10.983 5 .. 06E-03 5.13E-03 
11.113 11.012 5 .. 18E-03 5.25E-03 
The bimodal Gaussian distribution model was fit to the corrected experimental data (-
Log[H + ], L[ Ai -]) to determine the best values of C, JJ., and a for each class of binding 
sites. As previously indicated, the concentration of the first class of binding sites (carboxyl 
groups) was determined directly from titration data and held constant throughout the 
regression calculations. The average fitting parameters for each litter leachate sample and 
the Raven Fork Creek DOM sample are given in Table 8. To facilitate subsequent model-
ing calculations, an overall average set of C, J.l., and a values for each class of proton bind-
ing sites in litter leachate samples was computed. Xf any average fitting parameter of a 
sample was a statistical outlier according to the 4d test, that sample was excluded from the 
overall averaging process. There was far greater consistency in estimation of the fitting 
parameters for carboxyl groups than for weakly acidic groups. both within and between 
samples. Fortuitously, in natural waters, pH usually ranges between six and nine (Stumm 
and Morgan, 1981 ), so the weaker cla~s of acidic functional groups is unlikely to dissociate 
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TABLES. Gaussian Distribution Model Fitting Parameters for the Acidic Functional 
Groups of Litter Leachate Organi<~ Acids and Raven Fork Creek DOM 
Carboxylic Acids Other Weak Acids 
Sa1J1>le N $£eq/mg c " t1 $£eq/mg c " t1 
RHWCA 2 4.14 :t 0.00 4.68 :t 0.10 1.55 :t 0.11 3.19 :t 0.04 11.39 :t 0.67 1.97 :t 0.58 
RHDCA 3 3.70 :t 0.09 5.09 :t 0.31 1.62 :t 0.47 2.71 :t 0.42 10.09 :t 0.41 1.34 :t 0.52 
RHWCB 3 7.91 :t 0.09 4.36 :t 0.09 2.18 :t 0.07 3.02 :t 0.77 9.34 :t 0.47 1.09 :t 0.38 
RHWA 3 3.76 :t 0.04 5.18 :t 0.01 1.40 :t 0.05 4.16 :t 2.34 10.77 :t 1.11 1.53 :t 0.62 
RHWEA 3 3.92 :t 0.08 5.21 :t 0.06 1.41 :t 0.02 4.81 :t 1.15 10.74 :t 0.51 1.43 :t 0.24 
NHWCO 3 6.45 :t 0.16 4.33 :t 0.02 2.10 :t 0.05 3.14 :t 1.39 9.59 :t 0.27 1.04 :t 0.14 
NHWCA 5.48 5.25 1.12 2.98 9.63 0.73 
* RC\lCA 7.09 5.13 1.16 433.00 14.40 1.73 
* RHWA 3 5.21 :t 0.12 5.33 :t 0.08 1.56 :t 0.02 30.91 :t 0.16 13.31 :t 0.07 2.16 :t 0.04 
* RHWAA 6 5.06 :t 0.09 4.54 :t 0.09 2.12 :t 0.23 11.80 :t 5.90 12.69 :t 1.08 2.47 :t 0.15 
* RHWCO 2 6.27 :t 0.22 4.46 :t 0.14 2.28 :t 0.12 12.00 :t 1.99 12.93 :t 0.17 1.98 :t 0.48 
* NHWAA 2 5.33 :t 0.47 5.03 :t 0.19 1.27 :t 0.02 13.87 :t 9.73 11.90 :t 1.34 1.66 :t 0.22 
* NH\IBA 4 7.52 :1: 1.47 3.82 :t 0.19 2.47 :t 0.10 8.30 :t 4.37 11.24 :t 0.83 2.37 :t 0.56 
Average 5.05 :t 1.51 4.87 :t 0.38 1.62 :t 0.36 3.43 :t 0.70 10.22 :t 0.70 1.30 :t 0.37 
Leachate 
Raven Fork 3 4.48 :t 0.40 3.02 :t 0.17 1.83 :1: 0.30 2.60 :t 0.78 9.29 :t 0.68 2.07 :t 0.71 
Creek DOH 
* At least one of the fitting parameters for this sample can be rejected statistically 
with the 4d test, so the sample is not included in the overall average set of model 
fitting parameters. 
to an appreciable extent. This is even more true in acid-impacted waters with pH values 
of less than six. The carboxyl groups, in contrast, will be largely dissociated at pH values 
of five or greater, and they are expected to significantly influence the acid-base chemistry 
of natural waters. 
Modelin& Gran Titration Estimates of Stroni and Weak Acidity 
Base titrations of average litter leachate sarnpJes were simulated using the average 
Gaussian distribution model fitting parameters in "fable 8 to describe the relative concen-
trations and acidic strengths of the litter leachate: organic acids. The results at DOC 
concentrations of 1-32 mg/L are suiDinarized in Table 9, which compares the actual 
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composition of each solution with the predictions of Gran plots for "strong", ''weak", and 
"total" acidity. 
TABLE 9. Gran Function Analysis of Raven F()rk Organic Acid Titration Data 
DOC Actual Acidity (~eq/L) Gran Acidity (~eq/L) 
(mg/L) Mineral Carboxyl Phenolic Total Strong Weak Total 
1.0 0.0 5.0 3.4 8.4 1.5 5.1 6.6 
2.0 0.0 10.1 6.8 16.9 3.0 10.2 13.2 
4.0 0.0 20.2 13.6 33.8 6.0 20.5 26.5 
8.0 0.0 40.4 27.2 67.6 12.0 41.0 53.0 
16.0 0.0 80.8 54.4 135.2 24.0 81.9 105.9 
24.0 0.0 121.2 81.6 202.8 36.0 122.8 158.8 




Because the focus of this study was the investigation of the nature and amount of 
organic acidity mobilized from forest litter, the discussion of the small scale leaching 
studies will focus on weak acidity and total organic carbon data. It can be assumed that 
the ratio ofWeakACY to TOC provides a maxim.J!m estimate of the carboxylic acid 
(COOH) content of the dissolved organic matter. 'To distinguish this upper limit from the 
actual COOH, the symbol COOH* will be employed. 
As stated previously in the RESULTS section, problems associated with changes in 
the litter over time severely hamper the interpretation of both small scale and bulk litter 
leaching results. "Standard conditions" leaching experiments (pH 5.6, 1 cm/hr, 24 ° C, 
stored wet for 2 days between leachings) were run ;in triplicate as a control for each of the 
leaching parameters investigated. Changes in characteristics of the litter over the 
one-and-a-half year period of the study are suggested by statistical analysis of the data 
collected in the "standard conditions" leaching experiments. When evaluating the poten-
tial effect of an experimental leaching parameter on the composition of leachate solutions, 
comparisons will be made to the "standard conditions" experiments and their inherent 
variance. 
To obtain average values and standard deviations for WeakACY and TOC in the 
"standard conditions" experiments andl in experiments in which experimental leaching 
parameters are being manipulated, it is necessary to directly examine raw data sets. 
Cumulative data sets (Appendix C) were therefore calculated for all complete experiments 
(those with no missing data points in the raw data sets). Average values and standard 
deviations (N =3) for cumulative WeakACY and TOC data for the four "standard condi-
tions" leaching experiments are plotted for Red Spruce and Northern Hardwoods litters in 
Figures 7 and 8, respectively. 
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By combining all "standard conditions" data sets for each litter type into one 
composite set, the overall standard deviations in cumulative WeakACY and TOC at each 
leaching day were calculated (neglecting the data from the Red Spruce pH study, which 
differ markedly from all other standard conditions data). The solid straight lines in the 
plots define an approximate ± 1 standard deviation ''window" whose borders encompass 
the observed range in standard deviations of both variables. 
For an experimental leaching parameter to have a statistically significant effect on 
leachate solution composition, the resulting cumulative WeakACY and/or TOC data must 
lie outside the± 1 standard deviation ''window". Even though the results of a non-"stand-
ard conditions" experiment may be insignificant according to these criteria, those results 
may differ by more than ± 1 standard deviation from the results of the simultaneously 
conducted "standard conditions" experiment. Because we are not certain of the nature or 
extent of long-term variations in litter properties, we will identify and discuss such experi-
mental results. 
Litter Leaching Experiments 
For est Litter Tn>e 
Both Red Spruce (RS) and Northern HardVIroods (NH) litters were used in all 
experiments and the detailed effects of litter type~ will be included in the discussion of the 
effects of other experimental parameters. As a general observation, leachate solutions 
derived from RS litter have higher WeakACY and TOC values than those from NH litter. 
Interestingly, COOH*, which is the ratio WeakAC'Y /TOC, is about the same under the 
leaching conditions of this study for RS and NH litter leachate organic acids. 
Utter Temperature 
The effects of storage temperature and leaching frequency on litter leachate solu-
tion chemistry were investigated simultaneously by storing litter samples at either 24 • C or 
3 • C between teachings at either 2, 4, 8, or 16 day intervals. At a given temperature, higher 
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cumulative WeakACY and COOH* values were. usually obtained from RS litter than from 
NH litter samples, with both litter types yielding similar cumulative TOC concentrations. 
For RS litter samples, both cumulative WeakACY and cumulative TOC were lower 
at 3 ° C than at 24 ° C, regardless of leaching frequency (Figs. 9 and 10). The COOH* 
values of RS leachate solutions are slightly high~~r at the higher temperature for all leach-
ing frequencies. For NH litter samples, while both cumulative WeakACY and cumulative 
TOC are generally somewhat lower at 3 ° C, there is little difference in COOH* values of 
samples leached at 24 ° C and 3 ° C, regardless of leaching frequency (Figs. 11 and 12). The 
reduction in cumulative TOC and cumulative WeakACY at 3 ° C is consistent with a 
decrease in microbial activity at the lower temperature. In summary, while cumulative 
* . WeakACY and TOC values are lower at lower temperature, COOH values are relatively 
invariant for both litter types. 
Moisture Content of Litter 
The effect of moisture content during storage of litter samples on litter leachate 
solution chemistry was investigated by air-drying litter samples before storing between 
leachings (see Figs. 13-14). Under standard (i.e .. , moist) conditions, higher cumulative 
WeakACY and COOH* values were obtained from RS litter than from NH litter samples, 
with both litter types yielding similar cumulative 1'0C concentrations. However, under 
dry and presumably much more aerobic conditione;, much greater cumulative WeakACY 
values and greater COOH* values are obtained from NH litter, with similar cumulative 
TOC values being obtained from both litters. 
For both litter samples, significantly higher cumulative TOC values are obtained 
under dry conditions. However, cumulative WeakACY values are higher under dry condi-
tions only for the NH litter sample. The net effect of these changes in cumulative 
• WeakACY and cumulative TOC under dry conditions is greatly increased COOH values 
• for NH litter leachate samples and a slight decrc~ase in COOH values for RS litter lea-
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carbon (but not necessarily organic acids) will occur in a drier, more oxidizing forest litter 
environment. 
pH of Leaching Solution 
The effect of the pH of leaching solutions on organic matter mobilization and 
acidic strength was examined by leaching both under standard conditions (i.e., pH 5.6) and 
at pH values of 4.0 and 3.5. The results (Figs. 15-16) summarize the effect of the pH of 
the leaching solution on cumulative WeakACY, ~cumulative TOC, and COOH* values of 
the leachate solutions. For RS litter samples, the cumulative TOC values obtained under 
"standard conditions" in this pH study differ greatly from the results of other "standard 
conditions" experiments, so no overall significance can be given to these results (Fig. 7 
(Run #3) and Fig. 15). The high cumulative TOC values observed in this study, which was 
the first set of leaching experiments carried out, is consistent with changes in litter quality 
with time and the general trend of higher cumulative TOC values in the earlier studies. 
Whatever the cause of such high cumulative TOC values in the RS experiments, it is 
inappropriate to compare these results with thos~e obtained on NH litter samples, where 
the "standard conditions" experiment is consistent with other such experiments (Fig. 8 
(Run #3) and Fig. 16). 
Even if the disparity between these and other experiments on RS litter samples is 
ignored and only the three pH experirnents are corn pared, virtually no effect of the pH of 
the leaching solution is observed for cumulative ·weakACY, cumulative TOC, or COOH* 
values. Similarly, all pH experiments for Nl-I litter samples fall within the standard condi-
tions "window" for that sample (Fig. 16). On the basis of these observations, it is unlikely 
that the pH of rainfall will significantly affect the production or mobilization of organic 
carbon and organic acids in forest litter horizons. This study does not consider, however, 
the possibility that the passage of mobilized organic matter through mineral soil horizons 
might be affected by the pH of rainfall, with consequent effects on overall expon of organ-
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Frequency of Leaching Events 
The effects of leaching frequency and storage temperature on litter leachate solu-
tion chemistry were investigated simultaneously by storing litter samples at either 24 ° C or 
3 ° C between leachings at either 2, 4, 8, or 16 day intervals (see prior discussion of temper-
ature effects and Figs. 9-12). As might be expected, the more times a litter sample is 
leached in a given time period (e.g., 32 days), the greater the yields of cumulative 
WeakACY and cumulative TOC. All other factors being constant, a watershed that re-
ceives frequent rainfall would be expected to am1ually export more organic acids to sur-
face waters. However, any biological effects of organic acids are likely to be related to 
their instantaneous concentrations in surface waters, not their annual export. The data in 
Appendices A-C show that infrequently leached litter samples have much higher WeakACY 
and TOC values. A watershed that receives infn~quent heavy rainfall is thus expected to 
export much higher instantaneous concentration'S of organic acids. 
From Figs. 9-12, a significant effect of leaching frequency on COOH* values is only 
* observed for RS litter at 24 ° C. For these conditions, the COOH values of litter leachate 
organic acids are greatest in less frequently leached samples {the 4-day results are incon-
sistent with this generalization). 
Intensity of Leaching Events 
The effect of leaching intensity on litter le~achate solution composition was evaluat-
ed by comparing the results obtained under standard conditions {1.0 cm/hr) with results 
obtained at leaching intensities of 0.25, 0.50, 2.0, and 4.0 cm/hr (see Figs. 17-18). Both 
cumulative WeakACY and TOC values are greater for RS litter samples than for NH 
* . samples; however, COOH values are about the same for both htter types. For the most 
part, all leaching intensity experiments for both litter types fall within the standard condi-
tions "windows", indicating that leaching intensity has no significant effect on cumulative 
WeakACY or cumulative TOC. Even within the le:aching intensity experiments for a 
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These experiments indicate that the rate of mobilization of organic matter from 
forest litter is sufficiently rapid that leaching inte:nsity does not affect the flux of organic 
matter from forest litter into soil solutions. How·ever, the actual flux of organic matter 
from a forest soil into surface waters is believed to be strongly dependent on hydrologic 
flow path. Conditions that (1) minimize contact time between percolating solutions and 
soil minerals and biota and (2) cause displaceme.nt of organic-rich waters into stream 
channels (e.g., from riparian zones) are particularly favorable for organic matter transport 
into surface waters. 
Summary of Litter Leaching Experiments 
This study was designed to estimate the n1agnitude of variation in WeakACY and 
TOC that might arise in a real forest watershed by studying the effects of litter type, 
temperature, pH of "rain", moisture of litter, frequency and intensity of leaching events on 
litter leachate solution chemistry. Prior dis<:ussion has indicated that some of the experi-
mental parameters have a more profound effect than others. To better understand the 
general sensitivity of litter leachate composition to experimental leaching parameters, 
pertinent averages and standard deviations are giv~en in Table 10. The WeakACY and 
TOC values in Table 10 (as well as the calculated parameter COOH*) represent simple 
averages of net data over the course of each leaching experiment. Because WeakACY 
and TOC vary considerably over the course of a leaching experiment (generally decreasing 
each time a litter sample is leached), the standard deviations are rather large. It should be 
emphasized that these "standard deviations" arise from the changes in litter leachate 
composition that occur with successive leachings and not from experimental uncertainties 
in WeakACY and TOC values. 
The results in Table 10 are grouped by major experiment. A comparison of results 
from RS and NH litter samples reveals that leachate solutions from RS litter contained 
higher WeakACY (except for the dry leaching e:q>eriment) and slightly higher TOC 
(except for the 24 ° C leaching frequency study). The most dramatic effect on litter leach-
4 c:· -· 
TABLE 10. Average WeakACY and TOC (JLeq/kg litter) and COOH* Values (JLeq/mg C) 
for Litter Leaching Experiments 
Red Spruce L i t:ter Northern Ha~ Litter 
,~ * Exoeriment \leakACY TOC COOH \leakACY TOC COOH 
2-day at 24•ca 666 :t 637 6.7 :t 4.5 7.7 :t 3.2 212 :t 87 7.8 :t 2.5 2.4 :t 1.2 
4-day at 24•ca 825:t 9n 9.6 :t 10.3 6.8 :t 3.0 381 :t 193 10.9 :t 2.7 3.0 :t 1.5 
8-day at 24•ca 1693 :t 1929 12.9 :t 9.3 9.0 :t 4.6 393 :t 203 15.6 :t 5.1 2.0 :t 0.7 
16-day at 24•ca 2787 :t 2049 9.0 :t 4.~. 25.0 :t '14.1 614 :t 280 20.8 :t 3.3 2.4 :t 0.9 
2-day at 3•ca 437 :t 231 5.4 :t 2.3 7.6 :t 4.9 133 :t 90 4.8 :t 2.4 2.4 :t 1.6 
4-day at 3•ca 512 :t 114 7.4 :t 2.9 6.7 :t 2.8 399 :t 298 6.9 :t 2.1 4.5 :t 2.6 
8-day at 3•ca 682:t 197 9.8 :t 3.2 6.5 :t 3.3 266 :t 86 7.2 :t 1.3 3.1 :t 1.2 
16-day at 3•ca 780 :t 132 14.3 :t 3.9 4.7 :t 0.9 489 :t 131 7.1 :t 1.6 5.8 :t 1.3 
pH 5.6 11Rain11b 533 :t 521 21.8 :t 9.8 1.8 :t 1.0 939 :t 436 12.3 :t 4.0 6.2 :t 1.4 
pH 4.0 11Rain11b 1419 :t 1119 45.3 :t 20.tl 2.4 :t 1.1 831 :t 334 12.7 :t 5.0 5.5 :t 1.2 
pH 3.5 11Rain11b 1218 :t 988 40.8 :t 22.1 2.4 :t 0.8 924 :t 402 11.9 :t 3.3 6.4 :t 1.5 
\let Storagec 1215 :t 358 11.3 :t 4.8 12.8 :t 15.5 398 :t 242 8.6 :t 8.8 4.8 :t 2.6 
Dry Storage c 1297 :t 605 22.5 :t 11.5 5.4 :t 2.2 2389 :t 1189 15.5 :t 8.0 13.4 :t 6.0 
0.25 cm/hrd 1589 :t 481 23.2 :t 11.9 6.1 :t 0.9 857 :t 212 7.6 :t 3.9 11.1 :t 4.2 
0.50 Cm/hrd 1193 :t 150 16.5 :t 3.8 6.3 :t 1.5 785 :t 169 8.7 :t 4.7 9.4 :t 4.5 
1.00 Cm/hrd 1308 :t 280 18.4 :t 4.8 6.0 :t 0.5 m:t 194 9.3 :t 3.4 7.3 :t 1.6 
2.00 Cm/hrd 1378 :t 248 16.9 :t 4.5 7.1 :t 1.4 692 :t 157 10.1 :t 3.3 6.6 :t 3.3 
4.00 cm/hrd 1038 t 285 11.4 :t 5.5 8.5 t 2.4 799 t 221 10.3 t 4.5 7.7 t 3.8 
a Frequency (femperature Study; bpll Study; cl\1:oisture Study; dlntensity Study 
4€i 
ate composition was observed when litter samph:~s 'Were stored under dry conditions 
between leachings. For both RS and NH litters, TOC yields increased 100 percent, and 
the WeakACY of the NH litter leachate solution increased by 600 percent. Accordingly, 
COOH* was greater for NH and lower for RS under dry storage conditions. Lower leach-
ing frequencies yield higher WeakACY and TOC values in almost all cases, consistent with 
the hypothesis that there is an accumulation of water-soluble organic matter between 
* leaching events. The calculated COOH values also appear to be generally greater in less 
frequently leached litter samples, suggesting that qualitative as well as quantitative 
changes are taking place in the accumulating water-soluble organic matter. There is a 
small, though perhaps insignificant, decrease in both WeakACY and TOC at lower tem-
perature for both litter types at all leaching frequencies. This result is expected for biolog-
ically mediated litter degradation processes. Leaching intensity simply has no detectable 
effect on litter leachate solution chemistry, perhaps indicating that little or no production 
of water-soluble organic matter occurred during the contact time between litter and leach-
ing solution (1.25-20.0 hr per leaching event). 
Perhaps most surprising of all is the obsetvation that the pH of leaching solutions 
has llQ effect on either WeakACY or ·roc for both litter types. There is much current 
debate about the interaction between the strong mineral acids in rainfall and the organic 
acids in forest soils, with the general premise being that low pH rainfall n1obilizes less 
organic acids than higher pH rainfall. This hypothesis appears to be derived from the 
observation that some fraction of litter leachate organic acids is insoluble in extremely 
acidic solutions. Under the conditions used in this study (pH 3.5, 4.0, or 5.6), this hypothe-
sis appears to be invalid. As previously stated, the possibility remains that the pH of rain-
fall may otherwise affect organic acid transport through soil mineral horizons. 
Isolation and CharacterizatiQruU..Leachate Or~anic Acids 
The yields of extracted organic carbon (Table 4) in bulk litter leachate solutions 
vary greatly with both leaching conditions and litter type. The TOC concentrations of 
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samples leached early in the study (Red Spruce pH 5.6 and 4.0 experiments) were much 
greater than those of samples leached later in the study, suggesting time-dependent 
changes in litter quality that hamper the interpretation of these data. If samples leached 
early in the study (RS pH 5.6 and 4.0) are excluded from the averaging process, the yields 
of extracted organic carbon are comparable for both litter types under identical leaching 
conditions. 
Isolation and Preparation 
Isolation of litter leachate organic acids was completed via the experimental proto-
col outlined in the EXPERIMENTAL section of this report. The percentage carbon 
recoveries and organic carbon yields for all of the bulk leaching samples (Table 4) show 
great variability between experiments. There is a potentially significant greater average 
recovery for RS litter leachate organic matter (76%) than for NH litter leachate organic 
matter (57%), possibly indicating a greater abundance of low molecular weight compo-
nents in the latter. Such small compounds are more likely to be lost in the ultrafiltration 
step. 
Elemental analysis data are given in Tabl~e 6 for all isolated leachate samples and 
for the Raven Fork Creek sample. For a given litter type, the elemental analysis data are 
essentially independent of leaching parameters that were investigated in this study. There 
may be a slight difference in compositions of RS and NH samples, for which average H/C 
and N/C values differ to some extent (RS: H/C = 1.41 ± 0.10, N/C = 0.054 ± 0.011; NH: 
H/C = 1.28 ± 0.04, N/C = 0.043 ± 0.008). Both litter leachate sample types are different 
from the stream sample, for which H/C = 1.17 and N/C = 0.007. Additionally, the 0/C 
ratio for the stream sample (0.60) is rnuch lower than the average values for RS and NH 
litter leachate samples (0.75 ± 0.01 and 0.76 ± 0.05 .• respectively). 
To place these elemental data in perspective, a van Krevelen plot is given in 
Figure 19, showing the atomic H/C, 0/C, and N/C ratios not only for the samples in this 
study but also for the dominant bioch(~mical precursors of these samples. In the H/C 
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versus 0/C portion of this graph, all our organic acid samples lie outside the ''biological 
triangle" that is defined by the compositions of lipids, lignin, and sugars. Their composi-
tions therefore cannot be accounted for by any n:rixture of biomolecules or even the selec-
tive removal of more reactive biomoh~cules. Rathc~r, significant alteration to non-biologi-
cal molecules must have occurred in the litter leachate samples and especially in the 
stream sample. This alteration is most likely du<~ to oxidation under either aerobic or 
fermentative conditions. 
In the H/C versus N/C portion of Figure 19, all the litter leachate organic acids 
plot within the ''biological triangle". The samples do, however, show large relative losses 
of nitrogen. Assuming that all organic nitrogen iln our samples originated in proteins (N/C 
= 0.27), the maximum percentage of carbon in the form of residual protein in the litter 
leachate samples is 13-25%. The stream sample, however, could contain a maximum of 
only 3% of its carbon in the form of residual proteins. The relatively small efflux of nitro-
gen from the watershed is indicative of the selective degradation and/ or adsorption of 
proteins during transport of litter leachate solutions through soil mineral horizons and into 
streams (Melillo and Eber, 1982; Berg and Ekbohm, 1983; McClaugherty et al., 1985). 
The locus of litter leachate sample points for H/C versus 0/C is close to the 
"sugars" end of the "lignin-sugars" line in Figure 19, making it reasonable to assume that 
the samples still contain significant arnounts of both biopolymers, especially sugars. 
Accordingly, the samples should contain mostly aliphatic carbon, with aromatic carbon 
contents being limited to about 15-18% for the average litter leachate sample. Perdue 
(1984) developed a computational method that can estimate the most probable percent 
aromatic carbon for a complex mixture from its elc!mental composition and COOH con-
tent Using the average elemental analysis data for litter leachate samples in Table 6 and 
the average COOH content of 4.87 meq/gC frorn 'Table 8, the most probable average 
aromatic carbon content of the litter ~eachate samples was calculated to be 20.3%. The 
composition of the stream sample is clearly closc:r to the composition of lignin than the 
compositions of the litter leachate samples, and appears to contain 30-40% aromatic 
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carbon. The calculation procedure yields a most probable aromatic carbon content of 
27.0% for this sample. 
Functional Group Analysis 
It was unfortunately not possible to isolate sufficient quantities of purified litter 
leachate organic acids for many samples, especially fron1 NH leachate solutions. Most of 
those samples were contaminated with HCl that had been introduced during the ultrafil-
tration phase of sample isolation. Efforts to con·ect raw titration data for the presence of 
strong acids and/ or bases in the isolated product were largely unsuccessful. A complete 
titration data set is available for the Red Spruce litter. These data are not contaminated 
with hydrochloric acid and will be used to investilgate the effect of pH of synthetic rain, 
leaching frequency, storage temperature and moisture content on the acid-base properties 
of the resulting leachate organic acids. In poorly buffered natural waters that are suscep-
tible to acidification, the ability of organic acids to affect pH or acid neutralizing capacity 
is related to their acidic strengths. Very weak adds such as phenols, enols, alcohols, etc. 
are not important contributors to surface water acidity because they cannot dissociate in 
the pH range of natural waters (pH 4-8). On the other hand, COOH groups, especially the 
more acidic ones, are likely to affect the acid-base chemistry of natural waters. 
The titration curves of the isolated leachate organic acids, in the form of organic 
anion (E[Aj -])versus pH, are presented in Figures 20-21 (RS and NH, respectively). If 
the COOH content of a sample is assumed to be the I:[ Ai -] at pH 8.0, then the average 
COOH content of the leaf leachate organic acids is 5.05 ± 1.51 meq/ g C with a range of 
3.70 to 7.91 meq/g Cover the entire range of leaching parameters and litter types that 
were investigated. Further, a qualitative visual inspection indicates that trends in I:[ Ai -] 
with pH are very similar for all leachate samples, suggesting similar underlying PKa distri-
butions of acidic functional groups. 1nese results, all of which are model independent, 
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Given that ( 1) only the more acidic functional groups have a significant effect on 
acid-base chemistry and (2) the most accurate titration data are collected in the pH 3-9 
range, mathematical models of the acid-base chemistry of the "strong" organic acids are 
sufficient to predict the contribution of organic acids to surface water acidification. 
Carboxyl contents were estimated as the observed :E[Ai-1 at pH 8.0, and the remaining 
fitting parameters of the bimodal Gaussian distribution model were determined by fitting 
the model to titration data (see Table 8). The average model fitting parameters for the 
samples listed in Table 4 for the first, "strong", acid sites are Cone = 5.05 ± 1.51 meqj gC, 
J.1. = 4.87 ± 0.38 and a = 1.62 ± 0.36. '"fhese fitting parameters indicate that the mean 
COOH group has a pKa that is close to the PKa of acetic acid, but there are many stronger 
and weaker acids. In fact, 16% of the COOH groups have pKa values that are less than 
3.25. The relatively small standard deviations obtained for these fitting parameters indi-
cate that the acid-base chemistry of isolated leachate organic acids was relatively insensi-
tive to the litter leaching conditions that were usc!d. 
To facilitate comparisons of individual eX]periments with the average behavior of 
the litter leachate samples, a composite "average" titration curve was constructed. Using 
the model fitting parameters for each sample (Table 8), simulated titration data were 
generated over the pH 3-11 range at 0.2 pH intervals. At each pH, the mean and standard 
deviations of I:[ A(] were calculated. rfhe average titration curve and its one-standard-
deviation range are presented in Figure 22. While most of the samples were leached at 
24 ° C with pH 5.6 synthetic rain, the RHWCB sample was leached with pH 4.0 synthetic 
rain and the RCWCA sample was stored at 3 ° C prior to leaching. Both the titration 
curves (Figure 20) and model fitting parameters (Table 8) of the RHWCB and RCWCA 
samples indicate that they may differ substantial1y from other samples, so their generated 
titration curves are superimposed on the average titration curve in Figure 22. 
The titration curve of the RHWCB sample shows roughly the same trends in l:[ Aj -] 
with pH as the average titration curve, but l:[Aj -] is higher at all pH values by an approxi-
mately constant amount. Although we have no ancillary data that can explain this obser-
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vation, the vertical shift in the titration curve is consistent with the presence of a small 
amount of a strongly acidic contaminant in the sample. Alternatively, it is possible that 
low pH leaching solutions selectively mobilize organic acids with higher carboxyl contents, 
although pKa_ values seem to be independent of the pH of the leaching solution. 
Titration data from the RCWCA sample stored at 3 ° C prior to leaching are suspect 
for the following reasons: {1) only enough materilal was isolated to perform one titration 
and (2) the titration was conducted at a relatively low TOC concentration ( 41.6 n1g C/L). 
In the single titration curve for this sample (see Figure 22), I:[ A(] was unusually low at low 
pH and was extremely high at high pll These potential errors in I:[Ai-1 are consistent 
with small errors in measured pH values (0.01-0.05 pH) over the course of the titration. 
The effect of pH measurement errors on I:[ Ai-l is greatest at very low and very high pH 
values, and is relatively larger at low DOC concentration (Perdue, 1990). 
Whether the low pH of the leaching solution and lower storage temperature are 
responsible for the somewhat high carboxyl contents of these samples is unknown. Even if 
these are real effects rather than experimental artifacts, the carboxyl contents of leachate 
samples still lie within a narrow range of 3.7-7.9 meq/gC under all leaching conditions. 
These values agree well with other estimates for litter-derived organic acids (Schnitzer, 
1959; Cronan and Aiken, 1985). 
Although we were unable to isolate sufficient quantities of clean NH leachate 
samples to complete a full characterization of thi[s ]litter type, enough uncontaminated 
leachate organic matter was isolated for two NH leachate samples (Figure 21) to provide a 
basis for comparison with RS litter leachates. From these limited data for NH litter, the 
organic acid leachate chemistry appears to be largely insensitive to litter type. The aver-
age data for each litter type from Tablle 8, for those samples meeting the 4d test, show that 
the average of all Gaussian distribution fitting parameters for NH, except~ for the second 
set of sites, lie within one standard deviation of the average fitting parameters for RS. 
Data from both elemental analysis and acid-base titration of the Raven Fork Creek 
sample indicate that the organic matter in the surface water associated with the watershed 
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where the litter samples were collected is signifi<=antly different from the forest litter 
leachate organic matter. Titration curves of the Raven Fork Creek sample (Figure 23) 
show a very different shape, somewhat flatter, than the titration curves for the litter lea-
chate organic matter. Differences in these titratllon curves leads to a much lower COOH 
content (3.6 ± 0.2 meq/g C) in the creek sample than that observed for the average litter 
leachate organic matter (5.05 ± 1.51 meq/g C). Further, the COOH content of the creek 
sample is much lower than the commonly assumed estimate of 10 meq/g C for aquatic 
humic substances (Oliver et al., 1983), perhaps because the acid-base properties of humic 
substances do not adequately describe the acid-base properties of unfractionated DOC 
samples. 
Modeling Gran Titration Estimates of Strong and Weak Acidity 
The preceding discussion supports the existence of a broad distribution of acidic 
functional groups in litter leachate organic acids .. When such mixtures of acids are reacted 
with strong acid in an alkalinity titration or with strong base in an acidity titration, signifi-
cant reaction occurs over a very wide pH range. Distinct titration equivalence points are 
not observed. Nevertheless, Gran plots of titration data do produce x-axis intercepts that 
are commonly interpreted as strong acidity and total acidity in acidity titrations. 
It is evident in Table 9 that about 30% of the carboxyl groups in litter leachate 
organic acids are so strongly acidic that they are labeled as "strong" acids according to 
Gran terminology. The remaining 70% of the carboxyl groups and all other acidic func-
tional groups (e.g., phenols) are protonated at the Gran strong acidity titration endpoint. 
Assuming that all the carboxyl groups are reacted at the total acidity titration endpoint, 
the Gran total acidity measurement detects only about 46% of the phenols and other weak 
acids. It can be concluded that Gran plots cannot quantify either carboxyl or phenolic 
groups in litter leachate organic acids .. 
Although the results in Table 9 are presented from the perspective of an acidity 
titration, they are equally valid for alkalinity titrations. The Gran strong acidity endpoint 
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is the same as the Gran alkalinity endpoint that is detected when excess strong acid is 
added to a water sample. Accordingly, up to 70% of the carboxyl groups in litter leachate 
organic acids can be protonated during alkalinity titrations, possibly being interpreted as 
HC03-. The remaining 30% of carboxyl groups are not detected and are classified as 
"strong" acid anions. 
To place the contributions of organic acid anions in quantitative perspective, con-
sider their contribution to the acid-base chemistry of a water sample containing 100 J,£eq/L 
of HC03- and a DOC concentration of 8 mg/L. Depending on the initial pH of the 
sample, a Gran alkalinity titration would detect the 100 J,£eq/L of HC03- and up to 28.4 
J,£eq/L of carboxyl groups. The remaining 12.0 J..Leq/L of carboxyl groups would not be 
detected. A more complete treatment of the effe,cts of organic acids on Gran AN C 
titrations has been presented by Cantrell et al., 1990. 
Conclusions and Interpretations 
If all leaching parameters in the litter leaching experiments are considered, there 
are substantial variations in the measured WeakACY (746 ± 771 J..Leq/kg litter) and TOC 
(145.9 ± 143.6 mgC/kg litter) values of litter leachate solutions. Because these two 
parameters tend to co-vary, there is less variability in their ratio COOH* (5.9 ± 5.1 
* meq/gC). Both WeakACY and COOH represent an upper boundary of organic acidity, 
so actual COOH values of isolated litter leachate organic acids (5.05 ± 1.51 meqfgC, see 
Table 8) are predictably somewhat smaller. A major conclusion of this study is that the 
leaching conditions covered by our experiments do not significantly affect the amount of 
acidity per gram of organic carbon in litter leachate organic matter. 
Although the COOH content of litter leachate organic acids appears to be inde-
pendent of litter type and litter storage and leaching conditio~ these parameters do 
reportedly affect the actual export of I>OC (and thus organic acidity). Cronan and Aiken 
(1985) reported that DOC export is about 20% greater during summer months. Conifer-
ous forests typically export about 50% more carbon than hardwood forests (Cronan, 1990). 
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Krug and Isaacson (1984) found that extremely acidic leaching solutions (pH 3.0) mobi-
lized less DOC than distilled water. In a given forested ecosystem, DOC concentrations 
vary as precipitation (1-3 mgC/1) passes through the forest canopy (8-12 mgC/1), into soil 
litter horizons (15-50 mgC/1), into deeper soil mineral horizons, e.g. the B-horizon (4-8 
mgC/1), and finally into groundwater (1-3 mgC/1). Depending on watershed hydrogeolo-
gy and antecedent conditions, various hydrologic: pathways can become active during re-
charge of surface waters. This natural variation in hydrologic flow path gives rise to varia-
tions in the export of DOC and organic acidity. 'TI1ere appears to be an inverse relation-
ship between DOC and water flow, and DOC values are generally higher in areas that are 
not well drained (McDowell and Likens, 1988). The DOC variations that have been 
reported in these field studies are the integrated result of many of the leaching parameters 
that were investigated in this study. 
Some of the leaching parameters in this study were varied in an attempt to emulate 
natural storage conditions of the litter before a leaching event (leaching frequency, tem-
perature and moisture of litter during storage). ·Other leaching parameters were chosen to 
examine conditions during a leaching event (pH and intensity of synthetic rain). It ap-
pears that litter storage conditions have the greatest effect on mobilization of DOC and 
organic acidity. The leaching frequency study suggests that the DOC export per leaching 
event is greater in less frequently leached sampl1~s. This effect is greatly diminished when 
the litter is stored at 3 ° C, with DOC export being generally lower than at 24 ° C. Storage 
of litter under dry and presumably more oxidizing conditions causes the greatest increases 
in mobilization of DOC. The actual leaching conditions (pH of synthetic rain and leaching 
intensity) have little effect on either DOC or COOH. Slightly greater DOC export is 
found for RS than for NH litter, but the difference is much less than 50 percent (see 
Cronan, 1990). 
Neither the concentration nor the acid-base propenies of DOC mobilized from 
litter horizons can be used to accurately model the behavior of the organic matter that 
ultimately finds its way to surface waters under no1rmal base flow conditions. The ob-
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served differences in the acid.:. base properties and ~elemental compositions of litter lea-
chate organic acids and Raven Fork Creek DOM arise largely from alteration and frac-
tionation of the organic matter as it moves through various hydrological pathways. During 
heavy precipitation events, where lateral flow frorrL the forest litter horizons may be ex-
pected to dominate the hydrologic flow, the organic acids reaching surface waters would 
be expected to be more like litter leachate organic matter. Under low flow conditions, the 
organic matter from forest litter would be expected to migrate slowly through soil mineral 
horizons. The correspondingly longer residence time allows greater microbial alteration 
and respiration of biologically labile components of DOM. Some components of DOM 
may be chemically adsorbed in the deeper mineral soil horizons. 
The Raven Fork Creek sample was isolated at a time of very low flow during the 
drought of the summer of 1986. The organic matter collected at this time should have 
come largely from the lower soil horizons. '"fhis sample contained slightly less carboxyl 
groups (4.48 meqfgC) than average litter leachate organic matter (5.05 meqfgC). Howev-
er, the carboxyl groups of Raven Fork Creek DOM are much more acidic than those of 
litter leachate organic matter (JJ values of 3.02 and 4.87, respectively). Elemental composi-
tion data indicate that the stream sample has undergone much more extensive alteration 
that resulted in carbon enrichment and nitrogen depletion relative to the litter leachate 
samples. 
Predictive models of the flux of organic acidity from forest litter should be able to 
assume that the flux of organic acidity is proportional to the flux of DOC, given the rela-
tively constant COOH content that was observed in this study. The flux of organic acidity 
from a forested watershed (meqJm2) can thus be estimated as: 
Organic Acidity = DOC (mg C/1) • COOH (~eq/mg C)* R (m) • (1 meq-l/JJeq-m3) 
where R is the meters of water that reach the surface water. Using DOC and COOH 
data from the litter leaching experiments and scaling the results for an annual rainfall of 1 
m, the estimated fluxes of DOC and organic acidity from forest litter in the Raven Fork 
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watershed are 77 g C/m2-yr and 388 meq/m2-yr:, respectively. This DOC flux is much 
greater than the estimate of 2.15 g C/m2-yr for the world average river (Maybeck, 1982) 
and the reported value of 3.6 g C/m2-yr for a northeastern hardwood system (Cronan, 
1990). Given these results and the low observed DOC value in Raven Fork Creek, we 
estimate that only 3-5 percent of initially mobilized DOC reaches the stream. Even so, the 
annual flux of organic acidity (12-20 meq/m2-yr) is 90-150 percent of the annual flux of 
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APPENDICES 
In Appendices A-C, each kind of leaching experiment has been assigned a code 
number. In Appendix A, the three replicates of a ¢ven type of experiment have the same 
code number. The explanation of these codes is gtven below. Codes 1-16 are assigned to 
the experiments on the effects of temperature and leaching frequency. Codes 17-22 are 
assigned to the study of the effects of the pH of the leaching solutions. Codes 23-26 are 
assigned to the study of the effects of moisture content of stored litter. Codes 27-36 are 
assigned to the experin1ents on the effects of lea<:hing rate ( cm/hr ). 
Storage Conciitions Leaching Conditions 
Code Litter Type TempoC Moisture Days Rate ( cm/hr) pH 
1 Red Spruce 24 Wet 2 1.00 5.6 
2 Red Spruce 24 Wet 4 1.00 5.6 
3 Red Spruce 24 Wet 8 1.00 5.6 
4 Red Spruce 24 Wet 16 1.00 5.6 
5 Red Spruce 3 Wet 2 1.00 5.6 
6 Red Spruce 3 Wet 4 1.00 5.6 
7 Red Spruce 3 Wet 8 1.00 5.6 
8 Red Spruce 3 Wet 16 1.00 5.6 
9 N. Hardwoods 24 Wet 2 1.00 5.6 
10 N. Hardwoods 24 Wet 4 1.00 5.6 
11 N. Hardwoods 24 Wet 8 1.00 5.6 
12 N. Hardwoods 24 Wet 16 1.00 5.6 
13 N. Hardwoods 3 Wet 2 1.00 5.6 
14 N. Hardwoods 3 Wet 4 1.00 5.6 
15 N. Hardwoods 3 Wet 8 1.00 5.6 
16 N. Hardwoods 3 Wet 16 1.00 5.6 
17 Red Spruce 24 Wet 2 1.00 5.6 
18 Red Spruce 24 Wet 2 1.00 4.0 
19 Red Spruce 24 Wet 2 1.00 3.5 
20 N. Hardwoods 24 Wet 2 1.00 5.6 
21 N. Hardwoods 24 Wet 2 1.00 4.0 
22 N. Hardwoods 24 Wet 2 1.00 3.5 
23 Red Spruce 24 Wet 2 1.00 5.6 
24 Red Spruce 24 Dry 2 1.00 5.6 
25 N. Hardwoods 24 Wet 2 1.00 5.6 
26 N. Hardwoods 24 Dry 2 1.00 5.6 
27 Red Spruce 24 Wet 2 0.25 5.6 
28 Red Spruce 24 Wet 2 0.50 5.6 
29 R~~d Spruce 24 Wet 2 1.00 5.6 
30 Red Spruce 24 Wet 2 2.00 5.6 
31 Rt~d Spruce 24 Wet 2 4.00 5.6 
32 N. Hardwoods 24 Wet 2 0.25 5.6 
33 N. Hardwoods 24 Wet 2 0.50 5.6 
34 N. Hardwoods 24 Wet 2 1.00 5.6 
35 N. Hardwoods 24 Wet 2 2.00 5.6 
36 N. Hardwoods 24 Wet 2 4.00 5.6 
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APPENDIX A. Raw Uncorrected Concentrations (peq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
1 0 5. ~)3 3.5 25 141 ~) 17 9 463 319 1.0 
2 5.21 7.3 73 352 8 43 15 1984 1625 9.8 
4 5.15 8.3 34 211 ~~ 67 19 738 519 5.3 
6 5.29 6.0 43 240 , ... 121 27 1008 762 4.8 
8 5.25 6.6 21 167 3 141 24 675 501 4.3 
10 5.23 7.0 18 162 2 96 21 620 451 3.8 
12 5.29 6.0 22 156 2 91 14 567 405 2.7 
14 4.88 15.6 20 151 :3 85 11 511 344 2.0 
16 4.86 16.1 14 111 i~ 139 15 428 301 3.8 
18 4.88 15.4 12 101 6 121 19 331 215 3.8 
20 4.87 16.0 10 87 5 84 15 400 297 2.3 
22 4.99 12.0 8 76 , ... 64 15 221 133 1.0 
24 5.03 11.1 6 58 2 49 11 156 87 2.7 
26 5.28 6.2 7 61 2 58 5 168 101 2.5 
28 4.92 14.3 5 60 2 36 4 201 127 1.3 
30 5.39 4.8 5 62 3 42 4 196 129 1.0 
32 5.35 5.2 3 56 3 45 5 185 124 1.1 
1 0 5.47 4.0 18 100 , ... 16 10 441 337 1.0 
2 5.28 6.2 61 322 5 35 13 1658 1330 9.3 
4 5.24 6.8 33 191 3 66 16 775 577 6.6 
6 5.38 4.9 37 162 , ... 106 26 936 769 5.1 
8 5.21 7.2 19 97 :3 123 19 657 553 5.2 
10 5.24 6.7 24 120 2 87 18 564 437 4.8 
12 5.34 5.4 18 88 2 79 13 521 428 3.6 
14 5.15 8.4 13 98 2 81 10 373 267 3.5 
16 4.73 22.0 10 92 :3 142 17 300 186 3.0 
18 4.82 17.8 6 60 5 108 16 276 198 2.8 
20 4.75 21.0 6 65 i~ 96 18 320 234 2.7 
22 5.07 10.0 5 48 3 79 13 230 172 1.9 
24 5.24 6.7 4 46 1 48 7 128 75 2.0 
26 5 .l~7 4.0 3 so 2 59 3 134 80 1.4 
28 5.07 10.0 3 44 2 32 3 150 96 1.5 
30 5.73 2.2 3 so 2 39 3 150 98 1.7 
32 5.36 5.1 3 33 :3 42 6 150 112 1.6 
1 0 5.39 4.8 20 110 :3 14 11 353 238 1.0 
2 5.21 7.2 49 298 5 29 10 1542 1237 12.9 
4 5.28 6.2 44 162 3 61 15 716 548 6.3 
6 5.36 5.1 37 207 3 100 21 876 664 4.1 
8 5.29 6.0 29 144 2 99 16 590 440 4.8 
10 5.29 6.1 18 150 1 81 14 520 364 4.4 
12 5.39 4.8 14 122 2 65 11 478 351 3.1 
14 4.97 12.6 18 81 2 75 9 436 342 2.7 
16 4.82 18.0 12 97 2 118 12 322 207 2.6 
18 4.96 13.0 12 73 ,,. 95 15 233 147 2.3 
20 4.92 14.0 8 73 :3 94 13 270 183 2.2 
22 5.17 8.0 5 62 :3 89 11 176 106 1.9 
24 5.1.1 9.2 5 52 :3 42 9 139 78 2.7 
26 5. :i9 4.8 5 54 :2 45 4 148 89 3.0 
28 5.00 11.7 4 55 2 36 5 189 122 2.9 
30 5.77 2.0 4 56 2 35 3 164 106 1.1 
32 5.47 4.0 3 37 2 47 4 160 119 2.2 
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APPENDIX A. Raw Uncorrected Concentrations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl. N03 S04 TotACY WeakACY TOC(mM) 
2 0 5.53 3.5 25 141 5 17 9 463 319 1.0 
4 4.95 13.3 123 496 10 41 20 2020 1511 18.8 
8 4.85 16.7 52 260 8 72 25 763 486 5.8 
12 4.54 33.7 44 189 6 119 27 545 322 4.8 
16 4.59 30.0 25 95 6 126 26 279 154 2.6 
20 4.82 17.7 22 60 4 108 19 210 132 2.1 
24 4.87 15.9 18 59 4. 75 17 230 155 1.8 
28 4.73 22.0 12 60 4. 54 11 253 171 2.8 
32 4.62 28.0 9 73 3 65 11 274 173 1.5 
2 0 5.47 4.0 18 100 4. 16 10 441 337 1.0 
4 4. 76 20.5 109 528 11. 49 32 1988 1440 8.0 
8 4.81 18.1 44 374 7 94 29 1000 608 4.2 
12 4.49 38.1 25 225 6 146 33 654 391 2.5 
16 4.53 35.0 18 124 1:' _, 169 28 294 135 2.6 
20 4.77 20.0 15 79 3 149 22 238 139 1.8 
24 4.79 19.1 16 85 '=' _, 98 18 229 125 2.1 
28 4.65 26.2 7 88 3 56 14 240 126 1.7 
32 4.59 30.0 6 92 3 77 19 253 131 1.9 
2 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
4 4.87 15.7 92 563 7 47 21 2604 2025 23.5 
8 4.75 20.8 36 329 c· _, 105 31 1108 758 10.4 
12 4.42 44.6 27 210 c· :1 131 40 781 526 6.0 
16 4.43 43.3 20 108 l.~ 146 32 327 176 3.7 
20 4.72 22.3 20 68 4 121 26 251 161 4.0 
24 4.64 27.0 14 72 2 99 20 276 177 3.6 
28 4.60 29.8 14 77 3 77 17 278 171 3.4 
32 4.53 35.0 9 78 3 84 22 346 233 2.2 
3 0 5.53 3.5 25 141 t" .J 17 9 463 319 1.0 
8 4.50 37.0 188 1014 1'1 1.. 129 30 3363 2312 13.6 
16 4.08 98.5 63 347 9 157 38 1015 570 5.7 
24 4.18 77.2 42 251 7 100 22 541 213 5.3 
32 4.16 81.2 56 278 7 118 23 561 202 1.8 
3 0 5.47 4.0 18 100 lJ, 16 10 441 337 1.0 
8 4.43 44.0 175 862 1lJ. 107 37 3824 2918 12.8 
16 4.17 80.2 57 344 10 141 49 1070 646 6.7 
24 4.33 55.0 36 217 B 89 39 588 316 2.8 
32 4.18 77.6 44 260 B 105 46 572 234 2.1 
3 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
8 4.55 33.0 165 797 12 97 32 3196 2366 16.5 
16 4.23 70.0 42 296 8 131 44 984 618 6.5 
24 4.39 47.8 30 210 5 83 28 461 203 5.1 
32 4.34 54.2 35 230 :7 98 29 382 98 2.4 
4 0 5.53 3.5 25 141 !) 17 9 463 319 1.0 
16 4.22 10.1 212 1388 14 167 47 3396 1937 8.8 
32 3.99 121.0 218 936 1'" ,) 254 53 1430 373 3.8 
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APPENDIX A. Raw Uncorrected Concentrations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Gl N03 S04 TotACY WeakACY TOC(mM) 
4 0 5.47 4.0 18 100 4 16 10 441 337 1.0 
16 4.33 55.6 188 1502 19 156 67 3690 2132 4.4 
32 4.26 64.0 184 1019 26 222 81 1567 484 2.7 
4 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
16 4 . 43 43.8 314 1568 18 139 54 4677 3065 5.9 
32 4.29 60.0 231 1006 18 199 61 1875 809 2.7 
5 0 5.53 3.5 25 141 5 17 9 463 319 1.0 
2 5.67 2.5 43 153 11 25 16 540 385 2.1 
4 5.89 1.5 25 125 15 40 20 345 219 5.8 
6 6.23 0.7 11 80 5 24 17 262 181 2.7 
8 6.47 0.4 10 67 2. 21 10 195 128 1.9 
10 5.99 1.2 7 71 2. 22 10 278 206 2.4 
12 6.59 0.3 8 107 2 33 11 235 128 1.8 
14 6.77 0.2 6 91 3 14 7 200 109 2.4 
16 5.87 1.6 12 144 s, 7 12 315 169 1.7 
18 6.59 0.3 4 109 4 39 13 211 102 2.3 
20 6.23 0.7 6 114 3 44 8 218 103 1.0 
22 6.47 0.4 7 110 2 40 8 221 111 1.0 
24 6.29 0.6 6 98 4 61 5 226 127 2.8 
26 6.77 0.2 5 75 2 27 6 188 113 3.6 
28 6.29 0.6 4 67 r, "· 15 5 231 163 2.4 30 6.23 0.7 5 91 2 16 5 227 135 1.6 
32 6.29 0.6 4 74 2 19 6 230 155 1.3 
5 0 5.47 4.0 18 100 l~ 16 10 441 337 1.0 
2 5.61 2.9 67 244 9 22 14 1020 773 1.9 
4 5.87 1.6 50 198 13 34 23 560 360 5.3 
6 6.03 1.1 26 139 5 32 21 471 331 2.6 
8 6.37 0.5 20 109 3 26 18 355 246 2.8 
10 5.82 1.8 17 129 2 18 13 425 294 2.9 
12 6.47 0.4 15 75 ') ~- 37 6 378 303 4.0 
14 6.77 0.2 10 60 3 16 4 245 185 2.4 
16 5.82 1.8 16 112 
,. 
_) 20 7 400 286 2.4 
18 6.77 0.2 7 59 L., 54 9 228 169 3.7 
20 6.37 0.5 6 65 ') 4- 28 6 248 183 2.2 
22 6.37 0.5 5 so 2 38 5 244 194 2.1 
24 6.37 0.5 6 54 3 58 5 253 199 2.1 
26 6.59 0.3 6 52 2 19 5 235 183 2.2 
28 6.03 1.1 4 52 2 12 5 255 202 1.6 
30 6.23 0.7 6 62 2 12 4 261 198 1.9 
32 6.37 0.5 3 58 2 17 5 281 223 1.8 
5 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
2 5.64 2.7 58 188 6 16 12 810 619 2.9 
4 6.17 0.8 42 145 10 27 17 475 329 6.6 
6 6.12 0.9 17 105 '" 20 24 368 262 4.0 8 6.47 0.4 15 88 2 19 21 230 142 3.1 
10 5.89 1.5 15 94 2 15 15 338 243 3.9 
12 6.77 0.2 10 85 1 11 10 305 220 2.5 
14 6.77 0.2 11 74 1 13 6 275 201 3.7 
16 6.17 0.8 20 131 3 4 11 475 343 3.4 
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APPENDIX A. Raw Uncorrected Concentrations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
5 18 6.77 0.2 10 75 3 31 17 311 236 5.0 
20 6.23 0.7 9 85 2 22 10 323 237 2.3 
22 6.37 0.5 7 89 2 32 8 330 241 3.4 
24 6.37 0.5 6 82 2 45 7 322 240 4.4 
26 6.59 0.3 4 68 2 14 3 297 229 3.6 
28 6.07 1.0 5 55 1. 9 3 312 256 3.6 
30 6.47 0.4 5 72 1. 10 3 253 181 1.7 
32 6.37 0.5 3 69 1. 15 4 266 197 2.6 
6 0 5.53 3.5 25 141 C:' _, 17 9 463 319 1.0 
4 5.99 1.2 67 116 6 29 22 475 358 2.5 
8 6.17 0.8 44 109 7 36 19 378 268 2.8 
12 6.1.7 0.8 58 107 Ei 34 15 350 242 3.1 
16 5.33 5.5 78 175 3 38 17 580 400 3.6 
20 6.23 0.7 54 130 3 31 15 505 374 3.7 
24 5.73 2.2 43 111 3 27 8 430 317 5.6 
28 5.75 2.1 39 125 ... , "· 21 6 450 323 4.2 
32 5.77 2.0 45 110 3 24 7 415 303 2.2 
6 0 5.47 4.0 18 100 l~ 16 10 441 337 1.0 
4 6.12 0.9 29 101 9 35 32 392 290 2.5 
8 6.07 1.0 33 93 9 42 25 330 236 2.7 
I 12 6.12 0.9 so 91 7 39 22 320 228 3.2 
16 5.59 3.0 45 121 3 43 18 490 366 2.6 
20 6.23 0.7 28 96 ') 4. 36 16 385 288 4.1 
24 5.99 1.2 22 70 3 33 7 310 239 3.1 
28 6.07 1.0 22 95 3 27 7 355 259 2.7 
32 5.99 1.2 28 79 3 28 8 325 245 2.6 
6 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
4 6.17 0.8 48 110 L~ 25 25 324 213 3.3 
8 6.37 0.5 40 98 , .. 35 13 309 211 4.2 
12 6.37 0.5 54 96 3 28 12 302 206 4.4 
16 5.77 2.0 60 160 2 33 13 421 259 5.7 
20 6.07 1.0 35 110 2 23 12 340 229 7.4 
24 5.92 1.4 28 83 2 17 5 274 190 7.7 
28 5.92 1.4 26 104 :3 12 6 317 212 5.7 
32 5.96 1.3 32 90 :3 15 6 305 214 3.4 
7 0 5.53 3.5 25 141 5 17 9 463 319 1.0 
8 5.75 2.1 30 139 10 34 26 338 197 3.1 
16 5.39 4.8 46 175 ~5 33 20 395 215 5 . 6 
24 5.67 2.5 41 201 '" 25 9 502 299 7.1 32 5.71 2.3 38 221 '" 28 7 497 274 4.7 
7 0 5.47 4.0 18 100 '" 16 10 441 337 1.0 8 5.49 3.8 62 162 :s 45 24 641 475 2.9 
16 5.07 10.0 63 196 7 36 23 700 494 3.7 
24 5.36 5.1 59 221 .5 29 11 720 494 5.5 
32 5.50 3.7 49 238 5 31 11 675 433 4.0 
A-4 
APPENDIX A. Raw Uncorrected Concentrations (,ueq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
7 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
8 5.67 2.5 52 212 7 28 14 521 307 4.5 
16 5.21 7.3 56 235 5 24 12 624 382 6.4 
24 5.53 3.5 47 250 4 19 8 647 394 8.6 
32 5.64 2.7 39 263 4 21 8 610 344 5.9 
8 0 5.53 3.5 25 141 5 17 9 463 319 1.0 
16 5.57 3.2 45 304 7 44 24 680 373 6.3 
32 5.58 3.1 69 451 12 51 38 795 341 7.6 
8 0 5.47 4.0 18 100 4 16 10 441 337 1.0 
16 5.50 3.7 67 214 12 40 27 587 369 5.1 
32 5.51 3.6 78 340 13 45 35 736 392 6.2 
8 0 5.39 4.8 20 110 3 14 11 353 238 1.0 
16 5.36 5.1 35 265 9 36 22 794 524 9.4 
32 5.40 4.7 48 442 11. 39 39 911 464 10.5 
9 0 7.07 0.1 108 126 11. 18 5 327 201 1.0 
2 5.69 2.4 145 186 17 24 20 376 188 4.3 
4 5.89 1.5 136 132 1L!. 53 24 356 223 5.3 
6 6.59 0.3 155 135 11. 94 38 378 243 6.2 
8 6.29 0.6 129 129 9 161 23 295 165 6.8 
10 6.03 1.1 72 79 7 245 41 209 129 3.0 
12 6.47 0.4 70 68 5 262 22 204 136 2.9 
14 6.23 0.7 76 70 3 66 13 244 173 1.8 
16 5.89 1.5 80 62 ~· .:J 154 7 188 125 2.4 
18 6.23 0.7 78 91 [2.3] [133] [6.4] 169 77 2.6 
20 6.23 0.7 61 78 3 116 5 142 63 3.3 
22 5.55 3.3 47 64 2 89 7 119 52 2.1 
24 6.29 0.6 56 82 l 72 4 157 74 3~8 
26 6.07 1.0 60 89 2 27 3 158 68 2.9 
28 6.07 1.0 60 91 1 28 6 188 96 3.6 
30 6.07 1.0 so 108 1 35 9 194 85 2.4 
32 6.12 0.9 51 97 1 36 5 169 71 2.8 
9 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
2 5.82 1.8 121 188 16 22 21 315 125 5.4 
4 6.29 0.6 105 179 15 45 28 221 41 6.5 
6 6.59 0.3 135 181 10 99 40 311 130 4.8 
8 6.23 0.7 108 159 8 175 25 274 114 4.6 
10 6.07 1.0 67 90 
,. 
.) 201 46 180 89 4.8 
12 6.29 0.6 51 80 L• 211 23 176 95 4.2 
14 6.47 0.4 70 84 :~ 54 10 217 133 3.1 
16 6.03 1.1 48 80 3 117 7 136 55 3.7 
18 6.37 0.5 40 54 2 133 6 149 95 3.7 
20 6.29 0.6 43 55 ') 4- 101 5 123 67 3.4 
22 5.61 2.9 33 50 ') 4- 78 6 119 66 3.6 
24 6.47 0.4 48 78 2 60 3 169 91 3.7 
26 6.17 0.8 43 77 1 24 2 165 87 2.7 
28 6.12 0.9 56 85 2 26 4 167 81 2.9 
30 6.37 0.5 38 89 l 33 7 125 36 3.0 
32 6.07 1.0 19 77 1 28 4 141 63 3.1 
A·-5 
APPENDIX A. Raw Uncorrected Concentrations (~eqjl) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
9 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
2 5.82 1.8 109 241 13 19 18 389 146 5.6 
4 6.07 1.0 92 187 11. 39 21 338 150 5.2 
6 6.59 0.3 103 197 9 82 35 361 164 6.5 
8 6.77 0.2 96 166 7 144 20 331 165 [5.7] 
10 6.23 0.7 75 98 ~- 187 38 241 142 4.7 
12 6.77 0.2 77 95 3 197 20 221 126 4.2 
14 7.07 0.1 91 101 3 so 8 289 188 3.3 
16 6.07 1.0 74 89 2 98 5 201 111 4.2 
18 6.12 0.9 65 65 [2.3] [133] [ 6. 4] 177 111 4.1 
20 6.17 0.8 52 69 3 89 4 155 85 5.6 
22 5.53 3.5 43 60 2 68 3 135 72 3.9 
24 6.37 0.5 52 66 [1.5] [66.4] [3.4] 182 116 6.1 
26 6.29 0.6 47 73 2 20 3 188 114 4.8 
28 5.92 1.4 61 79 l 23 4 200 120 5.9 
30 5.89 1.5 56 85 l 27 8 200 114 3.8 
32 6.12 0.9 56 72 0 26 3 176 103 5.9 
10 0 7.07 0.1 108 126 11 18 5 327 201 1.0 
4 8.07 0.0 200 421 2~~ 34 33 839 418 8.2 
8 6.47 0.4 164 314 14 84 44 574 260 6.6 
12 6.07 1.0 160 366 8 151 41 655 288 3.8 
16 6.47 0.4 124 175 8 200 29 330 155 4.3 
20 6.17 0.8 125 182 8 90 17 402 219 3.5 
24 5.96 1.3 85 97 6 60 22 221 123 5.3 
28 6.47 0.4 81 101 6 55 14 244 143 6.3 
32 6.47 0.4 88 89 7 79 18 239 150 3.8 
10 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
4 6.59 0.3 226 341 17 29 28 811 470 7.0 
8 6.23 0.7 175 265 13 73 45 479 213 6.7 
12 6.03 1.1 210 300 1') 1.. 167 46 660 359 6.1 
16 6.47 0.4 144 141 9 243 40 315 174 3.8 
20 6.37 0.5 156 172 9 137 20 375 203 4.4 
24 6.23 0.7 144 88 5 78 14 207 118 5.1 
28 6.77 0.2 112 85 3 44 9 200 115 5.4 
32 6.47 0.4 115 81 6 68 11 234 153 5.4 
10 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
4 6.77 0.2 252 405 1l~ 20 24 600 195 8.4 
8 7.07 0.1 192 291 11 54 30 447 156 7.0 
12 6.07 1.0 200 340 12 189 50 635 294 5.5 
16 6.29 0.6 137 170 10 278 45 255 84 4.7 
20 6.17 0.8 139 159 10 151 36 363 203 5.5 
24 5.96 1.3 131 80 .. .) 101 19 172 91 6.8 
28 6.59 0.3 113 78 3 39 12 186 108 8.0 
32 6.77 0.2 121 64 ~· 63 17 190 126 6.3 
11 0 7.07 0.1 108 126 11 18 5 327 201 1.0 
8 5.99 1.2 192 220 18 55 51 620 399 12.1 
16 6.03 1.1 123 168 1:Z 259 62 375 206 7.2 
24 6.77 0.2 101 93 11 79 34 238 145 7.2 
32 6.37 0.5 86 79 12 118 39 202 123 5.8 
A-6 
APPENDIX A. Raw Uncorrected Concent.rations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
11 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
8 5.92 1.4 171 249 21 73 41 584 334 7.9 
16 6.03 1.1 110 195 14. 238 53 360 164 6.6 
24 6.59 0.3 89 102 7 103 19 217 115 7.1 
32 6.37 0.5 70 89 7 136 34 184 95 6.7 
11 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
8 6 .4.7 0.4 120 275 2C' _, 84 38 656 381 15.2 
16 6.17 0.8 100 201 18 172 40 435 233 7.9 
24 6.59 0.3 74 117 9 58 15 265 148 7.9 
32 6.77 0.2 67 105 10 97 23 247 142 7.2 
12 0 7.07 0.1 108 126 11. 18 5 327 201 1.0 
16 5.59 3.0 321 453 24 256 58 840 384 10.1 
32 5.59 3.0 123 211 27 321 97 416 202 9.3 
12 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
16 5.53 3.5 356 400 14 239 76 925 522 14.2 
32 5.61 2.9 111 196 17 256 109 435 236 10.1 
12 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
16 5.79 1.9 289 342 21 249 50 785 441 10.7 
32 5.57 3.2 99 163 21 278 85 319 153 11.2 
13 0 7.07 0.1 108 126 11. 18 5 327 201 1.0 
2 6.59 0.3 63 130 17 27 13 275 145 4.3 
4 6.47 0.4 64 125 14 31 9 347 222 4.6 
6 6.59 0.3 80 110 10 30 12 265 155 5.2 
8 6.37 0.5 82 115 7 55 10 303 188 3.1 
10 6.47 0.4 46 70 4 62 7 190 120 2.1 
12 6.47 0.4 40 60 3 59 9 162 102 1.7 
14 7.07 0.1 34 33 7 42 11 140 107 1.3 
16 7.07 0.1 25 30 2 49 4 102 72 1.5 
18 6.77 0.2 30 29 3 19 4 105 76 1.8 
20 6.77 0.2 22 31 2 15 3 110 79 1.0 
22 7.07 0.1 23 38 2 12 2 105 67 1.5 
24 6.59 0.3 22 36 3 11 2 100 64 1.6 
26 6.59 0.3 23 37 2 11 2 105 68 2.0 
28 6.59 0.3 31 39 1 13 3 127 88 1.7 
30 6.47 0.4 31 40 2 16 5 135 95 1.5 
32 6.59 0.3 37 41 1 9 2 100 59 2.0 
13 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
2 6.59 0.3 121 160 21 24 17 188 28 2.5 
4 6.37 0.5 105 150 12 27 13 210 60 2.4 
6 6.47 0.4 74 132 7 24 16 205 73 1.7 
8 6.37 0.5 86 145 8 38 14 208 63 1.6 
10 6.77 0.2 55 75 c· _, 52 11 95 20 1.8 
12 6.59 0.3 38 70 3 44 11 90 20 1.6 
14 6.59 0.3 30 55 i' 38 9 70 15 1.1 
16 6.77 0.2 28 47 2 45 3 53 6 1.7 
18 6.59 0.3 35 45 3 21 3 90 45 1.7 
20 6.77 0.2 27 44 
,, 
1.. 16 2 65 21 1.2 
A--7 
APPENDIX A. Raw Uncorrected Concentrations (peq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
13 22 6.77 0.2 27 48 2 15 2 70 22 2.1 
24 6.77 0.2 30 51 4 13 2 80 29 1.7 
26 6.59 0.3 28 54 1 11 1 70 16 1.9 
28 6.47 0.4 33 62 1 13 2 72 10 1.4 
30 6.59 0.3 35 74 2 17 3 82 8 1.5 
32 6.77 0.2 35 80 1 13 2 86 6 2.0 
13 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
2 7.07 0.1 140 97 18 20 19 200 103 5.2 
4 7.07 0.1 125 88 12 22 15 223 135 6.2 
6 6.77 0.2 110 82 7 23 16 193 111 6.2 
8 6.77 0.2 135 103 5 31 16 239 136 3.7 
10 6.59 0.3 85 56 3 41 16 135 79 3.7 
12 6.77 0.2 75 so 2 37 12 108 58 3.1 
14 6.77 0.2 so 38 5 32 12 90 52 2.4 
16 7.07 0.1 55 34 1 36 4 85 51 3.4 
18 6.77 0.2 58 34 2 10 5 135 101 2.6 
20 6.77 0.2 62 36 1 9 3 95 59 2.3 
22 7.07 0.1 65 43 1 9 2 80 37 2.7 
24 6.59 0.3 65 42 2. 8 3 105 63 3.2 
26 6.59 0.3 64 44 1 9 3 110 66 3.6 
28 6.59 0.3 68 46 1 12 3 104 58 2.8 
30 6.59 0.3 75 48 0 11 2 110 62 2.4 
32 6.77 0.2 63 so 0 11 3 105 55 2.9 
14 0 7.07 0.1 108 126 11 18 5 327 201 1.0 
4 6.77 0.2 141 371 25 35 33 595 224 6.4 
8 5.96 1.3 130 311 12 44 23 570 258 3.6 
12 6.17 0.8 85 245 10 56 23 280 34 3.5 
16 6.29 0.6 110 257 9 47 23 270 12 1.8 
20 6.37 0.5 100 208 6 33 9 320 112 2:6 
24 6.23 0.7 85 125 5 29 10 220 94 3.3 
28 6.12 0.9 80 120 5 12 3 225 104 3.2 
32 6.03 1.1 68 107 ~- 15 16 213 105 3.0 
14 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
4 7.07 0.1 230 227 19 42 38 494 267 3.9 
8 5.89 1.5 180 140 12 so 32 430 289 3.7 
12 6.37 0.5 145 128 9 60 35 200 72 2.8 
16 6.37 0.5 165 139 7 55 28 220 81 2.9 
20 6.23 0.7 170 132 4 36 12 290 157 2.8 
24 6.29 0.6 145 70 3 32 8 215 144 3.2 
28 6.29 0.6 130 86 4 14 4 220 133 2.4 
32 6.12 0.9 126 70 8 24 29 175 104 2.5 
14 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
4 6.77 0.2 130 275 l[jt 24 44 861 586 6.5 
8 6.29 0.6 140 170 10 40 33 750 579 4.3 
12 6.47 0.4 100 141 !I 47 36 525 384 4.6 
16 6.37 0.5 148 147 8 43 31 610 463 3.7 
20 6.47 0.4 120 155 C' ... 28 13 440 285 4.1 
24 6.37 0.5 94 99 c· .... 25 10 285 186 4.4 
28 6.29 0.6 75 97 ~..~ 11 4 305 207 4.2 
32 6.17 0.8 82 84 6 15 19 245 160 3.8 
A-·8 
APPENDIX A. Raw Uncorrected Concentrations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
15 0 7.07 0.1 108 126 11 18 5 327 201 1.0 
8 6.59 0.3 194 180 1') ·- 44 25 305 125 3.8 
16 6.59 0.3 145 148 H 41 24 260 112 3.2 
24 6.47 0.4 117 111 9 36 19 190 79 4.1 
32 6.47 0.4 120 112 H 45 22 180 68 3.3 
15 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
8 6.77 0.2 132 241 ll~ 58 30 375 134 3.4 
16 6.37 0.5 90 129 9 48 31 315 186 2.6 
24 6.37 0.5 68 70 9 33 18 225 155 3.5 
32 6.59 0.3 82 95 H 44 20 204 109 3.4 
15 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
8 6.37 0.5 118 203 1'" .) 65 44 340 137 5.0 
16 6.47 0.4 80 110 10 54 29 325 215 4.5 
24 6.47 0.4 52 86 6 25 19 275 189 4.5 
32 6.37 0.5 62 75 () 29 23 252 177 4.3 
16 0 7.07 0.1 108 126 11 18 5 327 201 1.0 
16 6.37 0.5 65 99 20 65 27 265 166 2.8 
32 6.17 0.8 196 112 22 104 43 360 247 3.9 
16 0 7.07 0.1 97 137 11 20 5 300 163 1.0 
16 6.23 0.7 118 154 18 72 34 370 215 2.9 
32 5.99 1.2 256 178 20 121 58 539 360 3.6 
16 0 7.07 0.1 86 151 6 16 2 378 227 1.0 
16 6.47 0.4 81 110 1'" .) 57 42 355 245 4.3 
32 6.12 0.9 211 133 16 84 64 445 311 5.0 
17 2 4.28 62.0 [1541 [7751 [8.7] [2281 [ 8. 81 [25081 [16711 [34.81 
4 4.81 18.4 120 640 12 181 5 1000 342 32.2 
6 5.09 9.6 100 207 13 95 5 440 223 14.7 
8 5.12 8.9 88 120 6 102 6 360 231 11.5 
10 5.18 7.8 44 77 7 31 7 270 185 9.7 
17 2 4.45 41.7 165 720 10 195 9 2715 1953 36.3 
4 5.09 9.6 151 690 8 126 7 1415 715 36.3 
6 4.83 17.4 142 309 12 88 2 700 374 23.5 
8 5.01 11.4 116 186 8 75 1 485 288 14.1 
10 5.36 5.1 61 98 9 51 2 375 272 14.4 
17 2 4.66 26.0 142 830 8 262 8 2300 1444 33.2 
4 5.50 3.7 120 450 6 147 10 950 496 28.2 
6 5.18 7.7 108 148 9 62 4 550 394 21.6 
8 5.11 9.1 120 142 i. 88 [ 3. 31 460 309 16.7 
10 5.38 4.9 47 101 5 45 2 340 234 12.2 
18 2 4.55 32.9 221 680 12 340 8 2390 1677 30.4 
4 4.91 14.4 86 318 9 191 5 1100 768 32.4 
6 5.02 11.2 79 181 12 102 5 560 368 19.5 
8 [5.171 [ 81 [46] [1391 [ 7 .. 1.1 [98] [ 2. 71 [4651 [318] [14.5] 
10 5.25 6.6 44 121 i~ 88 2 340 212 10.1 
A-9 
APPENDIX A. Raw Uncorrected Concentrations {peq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
18 2 4.57 31.9 183 770 1') J. 202 9 2465 1663 36.1 
4 4.98 12.2 104 339 14 176 11 1440 1089 38.6 
6 5.07 9.9 56 208 8 84 2 660 442 21.8 
8 5.15 8.4 43 136 10 94 3 490 346 15.3 
10 5.31 5.7 38 110 8 57 3 410 294 13.0 
18 2 4.56 32.2 202 728 1 ,. _) 165 6 2590 1830 35.4 
4 5.35 5.3 98 250 9 142 9 1125 870 37.3 
6 5.01 11.6 66 242 9 96 4 620 366 20.4 
8 5.18 7.7 49 142 4 102 2 440 290 13.6 
10 5.35 5.3 40 89 6 46 1 335 241 9.6 
19 2 4.57 32.0 [183] [812] 14 379 14 2000 1156 35.3 
4 5.05 10.4 142 308 
,. 
.:> 66 3 880 562 28.5 
6 4.91 14.6 68 204 7 131 8 740 521 19.6 
8 5.29 6.1 48 108 8 77 5 420 306 12.2 
10 5.31 5.8 44 102 8 22 3 350 242 8.6 
19 2 4.52 35.9 202 920 16 198 10 2900 1944 37.8 
4 4.79 19.3 121 321 i' 195 6 1000 660 34.2 
6 5.01 11.6 72 200 9 122 11 700 488 18.0 
8 4.95 13.2 48 111 7 44 3 460 336 13.4 
10 5.17 8.0 48 96 3 56 [ 3. 9] 380 276 10.7 
19 2 4.61 29.1 165 704 9 229 13 2350 1617 40.3 
4 4.73 21.9 88 281 10 162 6 845 542 29.8 
6 4.83 17.4 51 141 [ 8 I 98 5 560 402 15.6 
8 5 . 09 9.6 51 96 E; 41 7 410 304 11.9 
10 5.24 6.7 36 71 8 46 5 335 257 6.4 
20 2 5.18 7.8 161 624 6 133 16 1350 718 10~3 
4 5.1.5 8.3 131 424 15 124 6 1000 568 5.9 
6 5.07 9.9 88 306 15 120 4 660 344 4.7 
8 5.21 7.3 52 211 6 101 3 450 232 4.7 
10 5.50 3.7 29 206 c:· _) 161 4 430 220 3.6 
20 2 5.00 11.9 158 538 6 193 16 1250 700 8.1 
4 5.41 4.6 148 462 18 193 8 1240 773 7.2 
6 5.44 4.3 78 330 6 171 6 700 366 5.2 
8 5.1.5 8.3 48 271 17 115 5 645 366 5.7 
10 5.1.9 7.6 33 211 6 137 6 450 231 4.0 
20 2 [5.07] [ 9. 9] [160] [581] [5 . 8 ] [163] [16.1] [1300] [709.1] [ 9. 21 
4 5.25 6.6 193 724 23 27 14 1650 919 9.3 
6 5.12 9.0 108 420 5 [145] 9 1120 691 9.2 
8 5.07 9.9 56 394 18 300 6 830 426 6.4 
10 5.1.4 8.5 42 288 7 223 6 660 364 6.2 
21 2 5.11 9.2 164 593 
,, 
~- 151 31 1030 428 7.2 
4 5.08 9.7 106 221 f' 138 43 510 279 5.7 
6 4.98 12.2 98 242 7 105 40 515 261 4.9 
8 5.31 5.8 88 211 6 88 40 490 273 4.8 
10 5.79 1.9 56 109 2 176 41 390 279 4.4 
A-10 
APPENDIX A. Raw Uncorrected Concent:rations (J.'E~q/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
21 2 5.54 3.4 179 618 3 148 39 1200 579 8.8 
4 4.83 17.6 148 437 7 124 39 930 475 6.0 
6 4.89 15.2 107 261 LJ. 142 40 600 324 4.8 
8 5.10 9.3 97 229 
,. _, 181 43 515 277 4.9 
10 5.09 9.6 58 121 2 103 41 450 319 3.9 
21 2 5.12 8.9 226 814 
,. _, 196 48 1640 817 13.1 
4 5.66 2.6 182 629 
,. _, 176 44 1340 708 9.9 
6 5.12 8.9 148 498 ') "'· 156 35 1120 613 9.3 
8 5.05 10.4 129 391 6 126 33 850 449 8.0 
10 5.18 7.8 77 201 2 192 33 690 481 4.6 
22 2 5.15 8.4 202 621 [._ 239 91 1420 791 9.8 
4 5.19 7.6 191 488 
,. 
.) 148 106 1340 844 8.4 
6 4.84 17.2 136 391 7 133 103 980 572 7.3 
8 5.01 11.5 83 304 7 216 95 790 475 6.3 
10 4.94 13.5 69 281 2 199 94 650 356 4.9 
22 2 5.31 5.7 188 507 L~ 277 78 1330 817 8.8 
4 4.99 12.0 156 388 2 154 116 1050 650 6.1 
6 5.07 9.9 149 286 f) 148 105 800 504 5.5 
8 5.29 6.0 45 167 B 177 102 490 317 5.5 
10 5.44 4.3 41 107 2 142 107 320 209 3.9 
22 2 5.00 11.7 164 451 2 176 93 1000 537 6.2 
4 4.98 12.2 83 182 2 158 110 550 356 [ 7. 3] 
6 5.16 8.1 69 136 .. .) 198 101 400 256 5.5 
8 5.02 11.2 56 155 6 130 124 460 294 5.3 
10 5.24 6.7 48 124 2 101 119 450 319 4.0 
23 2 4.93 13.7 78 366 5 173 3 830 450 7.4 
4 4.62 28.3 121 479 12 65 6 1200 693 8.6 
6 4.56 32.5 166 236 9 25 5 1125 857 6.2 
8 4.54 33.6 198 425 [10.7] 325 4 980 521 4.4 
10 4.39 48.0 371 243 8 271 3 900 609 4.3 
23 2 5.17 8.0 56 328 1:2 133 5 900 564 9.8 
4 5.32 5.6 83 221 13 101 4 700 473 10.3 
6 4.76 20.3 167 284 [9 .. 4] 141 7 1200 896 7.3 
8 4.91 14.5 168 360 17 281 2 1125 751 4.7 
10 4.84 17.0 271 307 1:2 246 3 960 636 6.8 
23 2 5.01 11.4 81 395 6 198 5 880 474 5.8 
4 5.04 10.8 88 398 12 48 7 1130 721 6.3 
6 4.94 13.6 188 263 [9 .. 4] 163 5 730 453 3.8 
8 5.71 2.3 88 121 '"' 
272 3 560 437 2.7 
10 4.82 18.0 471 524 :5 393 3 1600 1058 1.3 
24 2 5.03 11.0 116 426 •9 189 5 940 503 6.0 
4 5.58 3.1 140 502 4:5 475 18 1350 845 8.3 
6 5.61 2.9 151 971 33 492 13 1500 526 9.6 
8 5.53 3.5 124 844 124 625 28 1400 553 7.1 
10 5.28 6.2 129 966 77 481 17 1390 418 6.4 
A-ll 
APPENDIX A. Raw Uncorrected Concentrations (peq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
24 2 5.30 5.9 89 366 1"' "· 85 5 825 453 7.3 4 5.47 4.0 160 488 52 443 18 1425 933 13.3 
6 5.87 1.6 138 1021 40 205 18 1700 677 13.3 
8 5.27 6.3 122 908 82 343 18 1625 711 13.6 
10 6.03 1.1 242 721 57 296 12 1060 338 12.6 
24 2 5.18 7.7 97 402 8 137 3 842 432 8.3 
4 5.82 1.8 165 526 61 209 23 1700 1172 12.8 
6 5.67 2.5 167 874 224 654 30 2375 1499 13.8 
8 5.71 2.3 166 808 84 528 [23.2] 1525 715 14.5 
10 5.99 1.2 188 790 61 323 10 1260 469 30.7 
25 2 5.69 2.4 110 126 14 274 3 640 512 4.8 
4 5.71 2.3 88 207 c:: _I 221 3 500 291 3.9 
6 6.47 0.4 67 228 9 224 3 300 72 0.0 
8 5.53 3.5 38 176 c:· .:1 183 3 450 271 3.1 
10 5.99 1.2 25 111 2 142 3 400 288 3.3 
25 2 5.73 2.2 105 160 9 221 3 500 338 4.0 
4 6.17 0.8 77 202 8 188 1 250 47 3.4 
6 5.92 1.4 55 188 [9.3] 188 2 380 191 3.3 
8 6.03 1.1 28 106 l.~ 84 1 250 143 3.3 
10 6.59 0.3 20 88 3 108 1 240 152 3.3 
25 2 6.29 0.6 164 134 [11.5] 241 3 460 325 4.1 
4 6.23 0.7 116 254 l.~ 152 2 340 85 4.1 
6 6.59 0.3 48 108 9 121 4 240 132 20.8 
8 5.89 1.5 32 142 [ 4. 3] 109 2 350 207 3.3 
10 6.23 0.7 17 69 L~ 121 1 160 90 3.2 
26 2 5.47 4.0 121 308 9 322 10 600 288 4.1 
4 5.51 3.6 173 411 24 419 21 1500 1085 7.9 
6 5.96 1.3 92 188 33 604 16 1800 1611 9.8 
8 5.71 2.3 88 166 39 625 18 1900 1732 5.7 
10 5.82 1.8 64 191 1 ,. _, 398 11 1160 967 3.8 
26 2 6.17 0.8 145 273 7 254 11 560 286 6.6 
4 6.37 0.5 203 378 39 379 23 1900 1522 9.4 
6 5.96 1.3 121 198 5"1 .1.. 498 21 1660 1461 16.8 
8 6.29 0.6 77 121 31:' _) 600 22 1800 1678 13.3 
10 5.84 1.7 103 300 22 487 6 2000 1698 7.8 
26 2 5.96 1.3 208 176 H 351 2 500 323 0.0 
4 6.17 0.8 105 194 24 544 16 1200 1005 9.6 
6 5.96 1.3 131 204 33 654 23 2750 2545 13.3 
8 6.17 0.8 80 111 9 524 17 1600 1488 8.3 
10 6.29 0.6 69 177 15 399 11 1350 1172 5.8 
27 2 4.77 19.8 138 584 1() 304 10 1304 700 10.4 
4 4.54 33.8 [100] (458] 22 467 22 1861 1369 27.5 
6 4.48 38.7 179 821 23 237 8 1911 1051 13.7 
A--12 
APPENDIX A. Raw Uncorrected Concentrations (~eq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
27 2 4.83 17.6 117 446 17 246 13 1203 739 10.8 
4 4.84 16.9 121 504 9 211 6 1219 698 9.2 
6 4.82 17.9 88 426 11 136 4 938 494 5.5 
27 2 5.01 11.5 159 526 14 331 6 1425 888 12.8 
4 4.88 15.6 79 413 7 188 5 1143 714 8.6 
6 4.67 25.2 106 539 18 231 7 1436 872 11.5 
28 2 4.83 17.4 141 507 10 221 8 996 472 4.2 
4 4.73 21.7 98 436 14 243 15 1149 691 10.0 
6 [ 4. 77] [19.9] [79] [359] [1.0} [223] [15.7] [1006] [627.1] [10.3] 
28 2 5.09 9.6 188 687 9 291 9 1427 730 8.1 
4 4.94 13.4 86 411 9 207 12 1070 646 8.9 
6 4.78 19.7 69 374 11 214 20 998 604 11.0 
28 2 5.16 8.2 77 388 8 208 7 973 577 8.5 
4 4.90 14.8 94 454 8 301 12 1126 657 9.2 
6 4.77 20.1 88 344 9 233 12 1009 645 9.6 
29 2 4.91 14.6 79 394 11 165 3 855 446 5.5 
4 4.62 28.4 108 488 10 221 8 1386 870 12.5 
6 4.54 33.6 108 443 1l~ 256 11 1225 748 11.1 
29 2 5.10 9.3 88 463 H 124 6 1104 632 9.3 
4 5.01 11.6 121 562 [~ 104 9 1421 847 12.2 
6 4.82 17.9 122 409 10 154 10 1200 773 10.7 
29 2 4.97 12.7 56 421 9 129 6 920 486 5.7 
4 4.87 15.9 87 403 6 146 10 1143 724 10.7 
6 4.68 24.3 92 326 12 203 10 1020 670 9~4 
30 2 4.89 15.2 108 488 14 245 3 1108 605 7.7 
4 4.85 16.7 124 603 17 241 10 1421 801 11.0 
6 4.60 29.6 78 326 20 156 12 880 524 4.7 
30 2 4.83 17.3 126 573 18 260 6 1342 752 9.7 
4 4.87 15.8 109 543 12 208 6 1398 839 11.4 
6 4.79 19.3 126 481 14 126 14 1342 842 7.3 
30 2 5.15 8.4 71 401 11 200 9 961 552 6.6 
4 4.99 12.1 125 496 9 233 10 1261 753 10.3 
6 4.88 15.4 149 637 13 303 10 1511 859 11.2 
31 2 4.93 13.8 81 388 8 137 4 898 496 5.5 
4 4.92 14.2 101 429 1:5 229 4 1107 664 6.0 
6 4.66 25.6 121 521 1'" 176 6 1341 794 10.5 
31 2 5.13 8.7 66 337 6 111 8 721 375 2.6 
4 4.96 12.9 83 454 10 204 12 1004 537 5.7 
6 4.78 19.4 79 367 9 108 7 970 584 8.2 
A-13 
APPENDIX A. Raw Uncorrected Concentrations (#-'t~q/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
31 2 5.26 6.4 43 211 11 88 11 536 319 2.4 
4 5.03 11.0 56 207 6 149 14 698 480 3.6 
6 4.74 21.5 94 419 12 121 10 1109 669 9.5 
32 2 5.99 1.2 98 105 12 138 16 640 534 7.7 
4 6.12 0.9 108 88 14 148 17 575 486 4.4 
6 5.71 2.3 121 127 9 159 21 721 592 5.5 
32 2 6.59 0.3 84 126 11~ 175 9 465 339 3.1 
4 5.89 1.5 121 96 9 126 11 403 306 1.6 
6 5.55 3.3 137 136 8 146 17 675 536 5.0 
32 2 6.37 0.5 111 105 10 143 8 588 483 2.7 
4 5.84 1.7 143 103 11 118 12 391 286 1.3 
6 5.53 3.5 148 133 11 186 15 638 502 4.8 
33 2 6.17 0.8 88 125 6 171 13 505 379 3.3 
4 5.84 1.7 124 106 9 133 13 525 417 3.5 
6 5.39 4.8 134 176 9 191 16 621 440 6.1 
33 2 5.89 1.5 121 131 8 159 16 475 343 2.6 
4 5.73 2.2 151 127 10 171 14 542 413 3.3 
6 5.32 5.6 111 106 11 203 14 705 593 9.3 
33 2 5.99 1.2 117 154 :B 163 9 442 287 1.2 
4 5.57 3.2 176 142 10 146 12 506 361 4.9 
6 5.79 1.9 142 111 8 186 12 600 487 6.9 
34 2 5.75 2.1 110 128 8 139 12 520 390 4.7 
4 6.07 1.0 124 121 :B 148 13 650 528 5.5 
6 5.39 4.8 104 142 9 181 12 725 578 7.8 
34 2 5.62 2.8 126 139 7 176 17 440 298 3.7 
4 5.79 1.9 106 91 7 171 10 390 297 2.6 
6 5.32 5.6 77 161 8 154 13 648 481 6.8 
34 2 5.67 2.5 88 164 7 154 16 496 330 4.1 
4 5.53 3.5 97 97 7 125 9 445 345 2.8 
6 5.44 4.3 91 124 7 203 14 540 412 6.0 
35 2 6.37 0.5 107 128 9 157 16 640 512 7.3 
4 5.69 2.4 76 171 7 126 14 500 327 4.3 
6 5.89 1.5 101 191 9 191 21 590 398 5.7 
35 2 5.82 1.8 126 134 7 169 19 525 389 5.7 
4 6.23 0.7 100 156 8 188 15 407 250 1.4 
6 6.07 1.0 121 184 5 209 15 565 380 5.3 
35 2 6.23 0.7 89 146 8 177 17 581 434 5.9 
4 6.17 0.8 94 177 ·4 154 17 442 264 7.1 
6 5.77 2.0 116 199 6 177 13 525 324 5.2 
A-1.4 
APPENDIX A. Raw Uncorrected Concentrations {peq/1) of Major Solutes 
CODE DAY Exp pH H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
36 2 6.03 1.1 98 104 6 143 9 495 390 6.1 
4 5.89 1.5 111 121 9 144 16 380 258 3.6 
6 5.75 2.1 126 202 11 167 20 750 546 7.6 
36 2 5.84 1.7 75 79 1:" _, 121 12 565 484 7.2 
4 5.77 2.0 78 141 8 118 13 438 295 1.6 
6 5.64 2.7 108 188 10 154 15 690 499 7.1 
36 2 5.69 2.4 85 56 8 107 8 425 367 2.3 
4 6.1.7 0.8 97 156 8 142 13 505 348 5.3 
6 5.57 3.2 100 221 10 112 13 820 596 7.9 
A·-1.5 









































































3 0 4.0 1 
8 68.4 11 
16 153.7 27 
24 110.2 29 
32 131.1 28 
4 0 4.0 1 
16 103.9 26 
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APPENDIX B. Averages and Standard Deviations (JI.eqjkg litter) of Major Solu.tes 
~ CODE DAY HYDROGEN 
Avg Std 
18 2 -145 . 7 
4 -186.9 







19 2 -580.8 6 





















21 2 -193.5 6 
4 -188.2 14 
6 -184.1 6 
8 -191.0 
10 -194.9 




















































































































































































































































































SULFATE TOT. ACIDITY WEAK ACIDITY TOC (MMOL/L) 
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APPENDIX C. Cumulative Yields of Leached Major Solutes (J.Leq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
1 2 10.1 135 646 -7 58 7 3743 3087 18.6 
I 4 22.0 196 1024 -23 163 22 5119 4072 28.7 6 29.6 274 1457 -38 370 51 7007 5520 37.8 
8 38.4 310 1752 -·56 615 75 8263 6473 46.0 
t 
10 47.9 340 2037 -·76 775 94 9415 7330 53.2 
12 55.5 378 2310 -94 925 99 10465 8099 58.3 
14 81.3 412 2575 -111 1064 99 11410 8754 62.1 
16 108.1 435 2763 -127 1305 107 12196 9325 69.4 
I 18 133.6 454 2932 -138 1512 122 12798 9733 76.6 20 160.2 469 3074 -151 1648 128 13532 10297 80.9 
22 179.2 481 3196 -166 1748 136 13925 10550 82.8 
I 24 196.5 
488 3283 -185 1818 136 14195 10715 88.0 
26 204.4 498 3376 -204 1906 125 14488 10907 92.7 
28 227.8 504 3468 -224 1951 111 14843 11147 95.2 
I 
30 233.1 509 3563 -242 2009 97 15189 11393 97 . 1 
32 239.2 511 3646 -260 2072 86 15514 11628 99.2 
1 2 8.0 112 589 --13 43 4 3124 2527 17.7 
I 4 17.1 171 929 -29 146 13 4570 3623 30.2 6 22.6 238 1214 -45 324 41 6321 5085 39.9 
8 32.5 270 1376 -63 535 56 7543 6135 49 . 8 
I 
10 41./ ... 312 1581 --82 678 70 8588 6966 58.9 
12 47.9 342 1725 -101 805 73 9551 7778 65.7 
14 60.0 363 1889 -120 936 71 10233 8285 72.4 
I 
16 98.0 378 2041 -137 1183 81 10777 8638 78.1 
18 128.1 386 2132 -150 1365 91 11275 9015 83.4 
20 164.2 393 2233 -165 1525 104 11856 9459 88.5 
I 22 179 .t ... 399 2301 -181 1651 108 12266 9786 92.1 
I 24 188.3 403 2366 -202 1719 101 12483 9929 95.9 26 192.1 405 2438 -221 1808 86 12711 10081 98.6 
28 207.3 407 2499 -241 1846 70 12969 10264 101.5 
I 
30 207.7 409 2571 -259 1898 56 13228 10449 104.7 
32 213.6 410 2611 -277 1954 46 13486 10662 107.7 
1 2 9.9 89 543 -14 31 -2 2903 2350 24.5 
4 17.9 169 828 -32 125 6 4237 3391 36.5 
6 23.8 236 1199 -48 292 25 5875 4652 44.3 
8 31.3 287 1450 -67 457 33 6969 5488 53.4 
10 39.1 317 1712 ·-88 588 40 7931 6180 61.8 
12 44.5 340 1921 -107 688 41 8812 6847 67.6 
14 64.6 371 2052 -127 808 36 9614 7497 72.8 
f 
16 95 . 0 390 2214 -145 1009 38 10199 7891 77.7 
18 115.9 409 2329 -160 1167 45 10615 8170 82.1 
20 138.7 420 2445 -177 1322 48 11102 8518 86.3 
22 150.1 426 2540 -195 1467 48 11410 8719 89 . 9 
t 24 163.8 431 2616 -212 
1524 44 11647 8867 95.0 
26 169.1 437 2696 -232 1587 31 11902 9036 100.7 
28 187.5 441 2778 -252 1632 19 12234 9269 106.2 
30 187.5 445 2861 -271 1676 4 12519 9470 108.3 
32 191.3 447 2909 -290 1742 -10 12797 9696 112.5 
C-1 
APPENDIX C. Cumulative Yields of Leached Major Solutes (~eqjkg litter) . 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
2 4 22.5 230 920 -3 55 17 3811 2870 35.7 
8 49.4 325 1391 -12 169 44 5235 3794 46.7 
12 109.6 405 1727 -23 372 74 6243 4407 55.9 
16 162 . 8 448 1885 -35 588 102 6747 4699 60.8 
20 192.7 486 1976 -50 771 118 7119 4951 64.8 
24 219.1 517 2065 -66 891 128 7530 5245 68.2 
28 257.1 536 2157 -82 970 129 7984 5570 73.5 
32 306.5 549 2272 -99 1070 128 8478 5899 76.4 
2 4 35.2 203 980 -3 70 39 3751 2735 15.2 
8 65.7 283 1668 -13 226 73 5624 3890 23.2 
12 134.3 327 2073 -26 481 115 6840 4633 27.9 
16 197.0 357 2286 -40 779 147 7372 4889 32.9 
20 231.2 382 2413 -57 1040 168 7798 5153 36.3 
24 263.7 409 2552 -74 1203 180 8206 5391 40.3 
28 309.7 418 2696 --92 1287 185 8636 5630 43.5 
32 362.9 426 2848 -110 1410 201 9090 5879 47.1 
2 4 26.0 171 1047 -9 66 20 4921 3848 44.7 
8 61.8 236 1649 -23 243 58 7000 5289 64.4 
12 142.7 283 2025 -37 469 113 8457 6289 75.8 
16 221.2 317 2208 -52 724 152 9052 6623 82.8 
20 259.7 352 2314 -67 931 180 9502 6928 90.4 
24 307.2 374 2428 ·-86 1096 197 10000 7264 97.3 
28 360.1 397 2552 -103 1220 209 10501 7590 103.7 
32 422.8 410 2677 -120 1356 229 11132 8032 107.9 
3 8 66.5 353 1904 1 222 36 6363 4393 25.8 
16 249.9 469 2540 -6 498 88 8265 5475 36.7 
24 392.7 545 2994 -17 665 109 9266 5879 46.7 
32 543.2 648 3500 ·-25 866 133 10306 6263 50.2 
3 8 79.8 329 1615 3 181 so 7239 5544 24.3 
16 228.4 433 2246 -2 426 122 9245 6771 37.1 
24 329.1 498 2635 -10 571 176 10336 7372 42.4 
32 472.7 578 3107 -18 748 242 11396 7817 46.4 
3 8 58.9 310 1492 0 162 40 6046 4495 31 . 3 
16 188.1 386 2031 -8 388 102 7889 5670 43.7 
24 275.1 439 2407 -22 522 135 8738 6056 53.4 
32 374.3 502 2822 -31 686 169 9437 6242 57.9 
4 16 130.5 399 2614 4 295 68 6426 3681 16.7 
32 356.6 809 4370 10 754 148 9116 4390 23.9 
4 16 101.8 353 2831 12 274 106 6984 4052 8.4 
32 219.6 699 4744 39 673 239 9935 4971 13.5 
4 16 79.4 593 2956 11 241 82 8860 5824 11.2 
32 189.6 1028 4845 22 597 177 12396 7361 32.7 
C-2 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.Leq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
5 2 1.0 78 268 -2 25 9 999 731 4.0 
4 0.0 122 483 3 79 25 1628 1146 15.0 
6 -2.5 139 612 -10 102 36 2100 1490 20.1 
8 -5.5 154 716 -29 119 35 2443 1733 23.8 
10 -7.0 163 828 -48 137 33 2945 2124 28.3 
12 -10.3 175 1009 -67 178 32 3365 2366 31.7 
14 -13.7 182 1159 -84 181 25 3718 2573 36.3 
16 -14.4 201 1410 -97 171 26 4290 2895 39.5 
18 -17.7 205 1594 -112 222 29 4665 3088 43.9 
20 -20.1 213 1788 -131 282 22 5052 3284 45.8 
22 -23.2 222 1974 -149 334 16 5445 3494 47.7 
24 -25.8 230 2138 -165 428 4 5848 3737 53.0 
26 -29.3 236 2257 -184 457 -6 6179 3951 59.9 
28 -31.9 239 2362 -203 464 -17 6591 4261 64.4 
30 -34.4 245 2512 -223 472 -28 6996 4518 67.5 
32 -37.1 249 2630 -243 484 -37 7406 4814 69.9 
5 2 1.7 124 441 -5 19 6 1911 1469 3.6 
4 1.0 215 794 -3 60 29 2949 2154 13.7 
6 -0.8 260 1036 -17 97 48 3817 2782 18.6 
8 -3.6 295 1220 -35 124 61 4465 3249 23.9 
10 -4.0 323 1442 -55 134 65 5246 3808 29.5 
12 -7.0 348 1562 -·74 181 55 5938 4383 37.1 
14 -10.5 363 1653 -·92 189 42 6376 4734 41.6 
16 -10.8 390 1843 -105 203 34 7110 5278 46.2 
18 -14.2 399 1932 -120 283 30 7516 5598 53.2 
20 -17.1 407 2033 -139 312 20 7961 5945 57.4 
22 -20.0 412 2105 -158 361 7 8398 6313 61.4 
24 -22.8 420 2185 -174 448 -4 8852 6690 65.4 
26 -26.0 428 2261 -193 461 -16 9272 7037 69.5 
28 -27.7 431 2337 -213 461 -28 9730 7421 72.6 
30 -30.2 439 2432 -233 462 -40 10199 7797 76.2 
32 -33.1 441 2519 -253 472 -51 10707 8220 79.6 
5 2 1.3 106 334 -11 8 2 1512 1177 5.5 
4 -0.9 182 587 -15 38 13 2388 1802 18.0 
6 -3.0 211 764 -30 53 37 3061 2300 25.7 
8 -6.1 236 908 -49 67 56 3471 2569 31.5 
10 -7.0 260 1064 --68 73 64 4087 3030 38.9 
12 -10.5 276 1203 --89 70 61 4640 3448 43.7 
14 -13.9 293 1321 -109 71 52 5136 3829 50.7 
16 -16.2 327 1547 -126 56 52 6012 4481 57.2 
18 -19.6 342 1666 -144 91 63 6576 4929 66.7 
20 -22.0 355 1805 -163 110 62 7163 5380 71.1 
22 -24.9 365 1951 -182 149 57 7763 5837 77.5 
24 -27.7 372 2084 -201 211 49 8349 6292 85.9 
26 -31.0 376 2191 -221 215 33 8886 6727 92.7 
28 -32.9 382 2272 -241 209 17 9453 7213 99.6 
30 -35.9 388 2386 -262 205 2 9907 7556 102.8 
32 -38.8 390 2495 -283 211 -13 10385 7929 107.7 
C-3 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J..Leq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
6 4 -1.5 124 198 --11 33 21 876 680 4.8 
8 -3.8 203 382 -21 78 36 1568 1189 10.1 
12 -6.1 310 562 -32 119 44 2206 1650 16.0 
16 0.6 454 872 -49 169 55 3281 2409 22.8 
20 -1.9 553 1096 -67 204 62 4214 3120 29.8 
24 -1.5 631 1284 -85 233 55 5005 3722 40.5 
28 -1.3 701 1499 -103 249 47 5833 4335 48.5 
32 -1.3 783 1685 -121 273 39 6595 4911 52.6 
6 4 -2.1 51 169 -6 43 40 718 551 4.8 
8 -4.0 110 323 -13 99 65 1319 1000 9.9 
12 -6.1 201 473 -22 150 85 1900 1433 16.0 
16 -4.2 283 680 -40 208 98 2804 2128 20.9 
20 -6.6 333 840 -59 254 108 3509 2676 28.7 
24 -8.2 371 950 -76 294 100 4072 3130 34.6 
28 -10.1 409 1108 --94 322 92 4720 3622 39.7 
32 -11.6 458 1235 -111 353 86 5311 4087 44.7 
6 4 -2.3 87 186 -15 25 27 589 405 6.3 
8 -5.1 160 350 -31 70 31 1150 805 14.3 
12 -8.0 258 509 -47 100 32 1697 1195 22.6 
16 -8.0 369 790 -66 139 36 2470 1688 33.4 
20 -9.9 431 977 -85 159 38 3089 2123 47.5 
24 -11.0 481 1112 -104 168 27 3583 2483 62.1 
28 -12.2 526 1286 -122 169 17 4159 2885 73.0 
32 -13.5 583 1435 -139 173 8 4712 3291 79.4 
7 8 0.2 53 241 -5 42 28 616 374 5.9 
16 5.5 137 551 -18 81 44 1340 783 16.5 
24 6.5 211 910 -33 106 41 2267 1350 30.0 
32 7.0 279 1307 -49 135 33 3184 1870 38.9 
7 8 3.4 114 285 -7 62 25 1191 903 5.5 
16 18.6 230 635 -16 107 48 2495 1841 12.5 
24 24.5 338 1032 -30 140 47 3836 2780 23.0 
32 27.7 428 1461 -44 176 46 5092 3603 30.6 
7 8 1.0 95 380 -10 31 6 963 582 8.5 
16 11.0 198 804 ·-24 54 8 2122 1308 20.7 
24 13.9 283 1256 ·-39 67 3 3325 2055 37.1 
32 15.2 353 1733 -54 83 -3 4457 2709 48.3 
8 16 2.3 82 555 -10 60 25 1265 708 12.0 
32 4.4 209 1389 -10 135 76 2749 1356 26.4 
8 16 3.2 124 384 -1 53 30 1089 702 9.7 
32 6.3 268 1007 1 115 76 2461 1447 21.5 
8 16 5.9 63 481 -6 46 21 1482 995 17.9 
32 11.0 150 1298 -8 96 74 3186 1878 37.8 
C-4 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.£eq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
9 2 0.8 272 331 10 23 17 688 356 8.2 
4 -0.2 526 559 12 101 42 1338 779 18.2 
6 -3 .L._ 817 792 10 257 94 2029 1240 30.0 
8 -6.1 1058 1015 3 540 117 2563 1555 42.9 
10 -7.8 1191 1142 -7 983 174 2934 1799 48.6 
12 -10.8 1321 1248 -21 1458 196 3295 2057 54.2 
14 -13.3 1461 1359 --37 1561 199 3732 2386 57.6 
16 -14.3 1609 1454 -54 1830 192 4062 2623 62.1 
18 -16.7 1754 1604 4357 2770 67.1 
20 -19.2 1866 1729 4600 2890 73.3 
22 -16.7 1951 1828 4799 2988 77.3 
24 -19.4 2054 1961 5071 3130 84.6 
26 -21.3 2164 2107 5345 3259 90.1 
28 -23.2 2274 2257 5675 3441 96.9 
30 -25.1 2366 2440 6017 3603 101.5 
32 -27.2 2459 2601 6312 3738 106.8 
9 2 -0.4 226 334 8 20 19 572 238 10.3 
4 -3.0 422 652 14 82 51 965 317 22.6 
6 -6.3 675 973 10 246 106 1530 563 31.7 
8 -8.7 876 1252 2 556 133 2024 780 40.5 
10 -10.6 999 1400 -11 915 199 2339 949 49.6 
12 -13.3 1093 1530 --26 1293 222 2647 1131 57.6 
14 -16.3 1222 1666 --42 1373 221 3032 1382 63.5 
16 -18.1 1309 1796 -60 1573 213 3264 1487 70.5 
18 -20.9 1381 1875 -78 1803 204 3521 1666 77.5 
20 -23.6 1459 1957 --96 1972 192 3728 1794 84.0 
22 -21.8 1518 2029 -115 2097 183 3927 1920 90.8 
24 -24.9 1606 2155 -135 2189 167 4222 2092 97.9 
26 -27.2 1683 2278 -156 2211 151 4509 2258 103.0 
28 -29.3 1786 2417 -176 2237 137 4799 2412 108.5 
30 -32.1 1854 2563 -196 2277 130 5010 2479 114.2 
32 -34.0 1887 2687 -217 2307 116 5252 2599 120.1 
9 2 -o.t ... 203 435 1 13 13 713 278 10.6 
4 -2.3 374 768 0 65 32 1328 563 20.5 
6 -5.5 566 1119 -6 198 77 1987 874 32.9 
8 -8.9 745 1412 --16 449 94 2590 1187 
10 -11.4 884 1575 -31 782 146 3021 1457 
12 -14.8 1026 1733 --48 1133 164 3414 1696 
14 -18.4 1195 1902 -66 1206 159 3937 2053 
16 -20.3 1332 2048 -85 1369 148 4292 2264 
18 -22 .I ... 1452 2149 4602 2475 
20 -24.7 1547 2257 4870 2637 
22 -21.8 1625 2348 5100 2773 
24 -24.7 1720 2451 5419 2993 
26 -27.4 1805 2567 5749 3210 
28 -28.5 1917 2694 6103 3437 
30 -29.5 2020 2833 6456 3653 
32 -31.5 2122 2947 6764 3849 
C-5 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J..Leqjkg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
10 4 -3.8 376 777 23 42 42 1568 794 15.6 
8 -6.8 684 1351 26 178 104 2632 1287 28.1 
12 -8.7 984 2024 18 442 162 3849 1835 35.3 
16 -11.8 1216 2333 11 799 196 4450 2128 43.5 
20 -14.0 1450 2656 3 947 208 5187 2545 50.2 
24 -15.4 1607 2818 -9 1037 228 5580 2778 60.2 
28 -18.4 1758 2987 -20 1119 233 6017 3049 72.2 
32 -21.5 1921 3133 -29 1246 247 6445 3333 79.4 
10 4 -3.2 426 625 10 32 32 1514 892 13.3 
8 -5.7 754 1106 12 147 96 2398 1298 26.0 
12 -7.4 1150 1653 12 442 163 3625 1980 37.6 
16 -10.5 1419 1898 6 881 218 4197 2309 44.8 
20 -13.3 1712 2202 0 1118 235 4883 2694 53.2 
24 -15.8 1982 2347 -13 1244 241 5250 2919 62.9 
28 -19.2 2191 2485 -30 1305 237 5603 3137 73.1 
32 -22.2 2405 2616 -42 1410 237 6021 3427 83.4 
10 4 -3 .t ... 475 747 3 16 25 1113 370 16.0 
8 -7.0 836 1277 1 95 61 1936 666 29.3 
12 -8.9 1212 1900 1 432 135 3116 1225 39.7 
16 -11.6 1469 2200 -4 937 199 3574 1385 48.6 
20 -13.9 1729 2480 -8 1201 246 4237 1771 59.1 
24 -15.2 1974 2609 -20 1370 262 4537 1944 72.0 
28 -18.4 2185 2734 -37 1421 264 4864 2148 87.2 
32 -21.8 2411 2833 -53 1518 275 5198 2387 99.2 
11 8 -1 . .5 361 395 11 82 87 1151 758 23.0 
16 -3.2 591 692 11 551 184 1837 1149 36.7 
24 -6.6 779 846 8 678 228 2263 1424 50.4 
32 -9 . .5 939 973 8 880 280 2620 1657 61~4 
11 8 -1.1 321 450 17 115 58 1083 634 15.0 
16 -2.9 526 798 21 545 137 1740 945 27.5 
24 -6.1 692 969 12 717 153 2126 1163 41.0 
32 -8.9 821 1115 2 953 195 2449 1343 53.8 
11 8 -3.0 224 500 24 136 51 1220 723 28.9 
16 -5.3 410 859 36 440 106 2020 1166 43.9 
24 -8.5 547 1058 30 528 113 2497 1447 58.9 
32 -12.0 671 1235 25 689 136 2939 1716 72.6 
12 16 1.9 606 838 23 464 89 1569 730 19.2 
32 3.8 836 1216 51 1051 253 2333 1113 36.9 
12 16 2.9 673 737 5 431 124 1731 991 27.0 
32 4.6 880 1087 13 895 310 2531 1439 46.2 
12 16 -0.2 545 627 17 450 74 1465 838 20.3 
32 2.1 730 914 35 956 215 2044 1128 41.6 
C-6 
APPENDIX C. Cumulative Yields of Leached Major Solutes (tJ,eq/kg litter) 
CODE DAY H K NH4 C1 N03 S04 TotACY WeakACY TOC(mM) 
13 2 -3.2 116 224 9 29 4 496 275 8.2 
4 -6.3 234 439 13 65 1 1129 696 16.9 
6 -9.5 382 625 8 99 3 1606 990 26.8 
8 -12.4 534 821 -1 180 2 2155 1346 32.7 
10 -15.4 618 931 ·-17 276 -7 2489 1573 36.7 
12 -18.4 690 1022 -34 365 -10 2770 1766 39.9 
14 -22.0 751 1062 -45 422 -9 3010 1970 42.4 
16 -25.7 794 1096 --64 493 -23 3177 2106 45.2 
18 -29.1 847 1129 --82 506 -36 3350 2250 48.6 
20 -32.5 885 1165 -101 511 -51 3532 2400 50.5 
22 -36.1 925 1214 -121 512 -69 3705 2527 53.4 
I 
24 -39.3 963 1260 -137 509 -86 3868 2648 56.4 
26 -42.6 1003 1307 -156 507 -102 4041 2777 60.2 
28 -45.8 1058 1359 -177 508 -118 4256 2943 63.5 
30 -48.8 1113 1412 -196 515 -131 4486 3123 66.3 
I 32 -52.1 1180 1467 -216 509 -149 4649 3235 70.1 
13 2 -3.2 226 281 18 22 11 331 53 4.8 
I 4 -6.1 422 543 18 so 14 703 166 9.3 6 -9.1 559 771 8 74 24 1066 304 12.5 
8 -12.0 718 1024 1 123 29 1435 422 15.6 
~ 
10 -15.4 819 1144 -12 199 29 1588 460 19.0 
12 -18.6 887 1254 -29 260 29 1733 497 22.0 
14 -21.8 941 1336 --38 310 24 1839 525 24.1 
16 -25.3 990 1402 -56 372 9 1913 536 27.4 
I 18 -28.5 1053 1465 -73 389 -7 2058 621 30.6 20 -31.9 1100 1526 -91 397 -24 2155 661 32.9 
I 22 -35.3 1148 1594 -110 403 -42 2261 702 36.9 
I 24 -38.8 1201 1668 -126 404 -59 2386 757 40.1 26 -42.0 1250 1748 -147 402 -78 2493 787 43.7 
28 -45.0 1309 1843 -167 404 -94 2603 805 46.4 
I 
30 -48.3 1372 1961 -187 414 -110 2732 820 49.2 
32 -51.7 1435 2090 -207 416 -128 2869 831 53.0 
• 13 2 -3.6 262 162 12 15 16 353 196 9.9 
' 
4 -7.2 496 306 12 34 23 751 452 21.7 
6 -10.6 701 439 2 54 33 1091 662 33.4 
8 -14.1 954 612 -11 91 43 1518 920 40.5 
I 
10 -17.3 1112 695 ·-28 145 52 1748 1070 47.5 
12 -20.7 1250 768 --47 193 54 1927 1180 53.4 
14 -24.1 1341 817 -61 232 55 2071 1278 57.9 
I 
16 -27.7 1442 859 -82 276 43 2206 1375 64.4 
18 -31.2 1549 901 -101 273 31 2436 1566 69.4 
20 -34.6 1663 946 -121 267 16 2590 1678 73.7 
22 -38.2 1782 1005 -143 261 -1 2715 1748 78.9 
I 24 -41.4 1902 1062 -161 254 -17 2888 1867 84.9 26 -44.7 2020 1123 -183 248 -32 3070 1992 91.8 
28 -47.9 2145 1188 -204 248 -47 3241 2102 97.1 
I 
30 -51.1 2284 1256 -227 246 -64 3424 2219 101.6 
32 -54.5 2400 1328 -250 245 -79 3597 2323 107.2 
I 
I C-7 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.I.eq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
14 4 -3.4 264 682 24 44 42 1104 425 12.2 
8 -4.8 507 1250 25 106 65 2160 915 19.0 
12 -7.0 665 1693 21 189 88 2666 980 25.7 
16 -9.7 870 2158 14 257 110 3152 1003 29.1 
20 -12.5 1056 2531 3 296 107 3734 1215 34.0 
24 -15.0 1214 2746 -10 327 106 4125 1394 40.3 
28 -17.1 1362 2951 -23 327 90 4526 1592 46.4 
32 -18.8 1488 3131 -39 333 99 4904 1792 52.1 
14 4 -3.6 433 409 14 57 51 912 507 7.4 
8 -4.6 771 652 13 130 89 1702 1055 14.4 
12 -7.4 1043 872 8 220 135 2056 1191 19.8 
16 -10.3 1353 1113 -2 302 166 2447 1344 25.3 
20 -12.7 1672 1341 -17 348 168 2972 1643 30.6 
24 -15.4 1944 1452 -35 386 163 3354 1917 36.7 
28 -18.1 2187 1592 -51 391 150 3745 2171 41.2 
32 -20.1 2423 1702 -·59 413 185 4051 2369 46.0 
14 4 -3.4 243 500 4 23 62 1609 1113 12.4 
8 -6.1 505 BOO 0 75 104 3008 2214 20.5 
12 -9.1 692 1045 -8 142 152 3979 2943 29.3 
16 -12.0 969 1302 -16 200 189 5111 3821 36.3 
20 -15.0 1193 1573 -30 230 194 5920 4362 44.1 
24 -17.9 1368 1739 -·43 256 192 6435 4715 52.4 
28 -20.5 1507 1900 -58 254 178 6988 5109 60.4 
32 -22.8 1659 2037 -70 261 193 7427 5413 67.6 
15 8 -3.2 365 319 0 60 27 553 237 7.2 
16 -6.5 637 578 -8 116 51 1020 449 13.3 
24 -9.5 855 766 -15 160 67 1355 599 21.1 
32 -12.5 1079 956 -22 224 88 1670 727 27.4 
15 8 -3.4 247 435 4 88 36 686 254 6.5 
16 -6.3 414 657 -2 157 74 1258 607 11.4 
24 -9.1 540 768 -9 197 87 1659 900 18.1 
32 -12.4 692 925 -16 258 105 2020 1107 24.5 
15 8 -2.9 220 363 6 101 63 619 259 9.5 
16 -5.9 369 549 2 181 97 1210 667 18.1 
24 -8.9 464 690 -·10 206 112 1706 1025 26.6 
32 -11.8 578 809 -32 238 134 2158 1361 34.8 
16 16 -2.9 120 165 15 100 31 477 314 5.3 
32 -5.1 488 355 35 275 91 1134 784 12.7 
16 16 -2.5 220 270 12 115 43 676 409 5.5 
32 -4.0 703 585 26 322 132 1674 1093 12.4 
16 16 -3.0 150 186 5 86 59 648 465 8.2 
32 -5.1 547 416 12 222 159 1467 1056 17.7 
C-8 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.Leq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 





17 2 75.4 310 1345 -4 348 -3 5132 3711 69.0 
4 89.9 593 2633 -·12 564 -10 7794 5071 137.9 
6 119.1 859 3198 -·13 709 -27 9097 5780 182.6 
8 137.0 1075 3528 -·21 828 -46 9992 6327 209.4 
10 142.9 1188 3692 -26 903 -63 10678 6843 236.7 
17 2 45.6 266 1554 -9 475 -5 4343 2744 63.1 
4 48.8 490 2386 --20 732 -8 6122 3687 116.7 
6 59.7 692 2645 -26 827 -22 7140 4436 157.7 
8 73.1 916 2892 -·41 971 7988 5023 189.4 
10 78.7 1001 3061 -·55 1034 8607 5467 212.6 
18 2 -144.6 416 1269 0 559 -149 4311 3186 57.8 
4 -324.3 576 1851 -6 834 -303 6171 4645 119.3 
6 -510.2 722 2172 -7 941 -457 7005 5344 156.4 
8 
10 
18 2 -146.5 344 1440 -1 296 -147 4454 3160 68.6 
4 -330.4 538 2062 2 543 -289 6960 5229 141.9 
6 -518.7 640 2434 -5 616 -448 7984 6069 183.3 
8 -709.8 718 2670 -9 707 -605 8685 6725 212.4 
10 -906.1 787 2856 -·17 728 -763 9234 7284 237.1 
18 2 -145.9 380 1360 5 226 -153 4691 3477 67.3 
4 -343.0 562 1813 0 409 -300 6599 5129 138.1 
6 -528.0 684 2250 -6 504 -456 7547 5825 176.9 
8 -720.5 773 2497 -21 610 -615 8153 6377 202.7 
10 -917.5 846 2643 --33 610 -777 8560 6834 221.0 
19 2 -581.4 3 485 -424 3135 2196 67.1 
4 -1203.8 -·10 374 -868 4142 3263 121.2 
6 -1818.3 -·20 388 -1304 4883 4254 158.5 
8 -2448.9 -28 298 -1745 5016 4835 181.6 
10 -3080. 1 -36 105 -2189 5016 5295 198.0 
19 2 -574.0 380 1725 7 141 -432 4845 3694 71.8 
4 -1179.5 606 2312 -3 276 -871 6080 4947 136.8 
6 -1799.7 739 2670 -8 272 -1300 6745 5875 171.0 
8 -2416.8 827 2858 -19 120 -1744 6954 6513 196.5 
10 -3043.8 914 3017 -35 -10 7011 7038 216.8 
19 2 -586.9 310 1315 -6 200 -426 3800 3072 76.6 
4 -1187.5 473 1826 -10 272 -865 4741 4102 133.2 
6 -1796.6 566 2071 222 -1305 5140 4865 162.8 
8 -2420.6 659 2231 65 -1742 5254 5444 185.4 
10 -3050.1 724 2343 -84 -2184 5225 5932 197.6 
C·-9 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J,£eq/kg litter) 
CODE DAY H K NH4 Cl N03 so4 TotACY WeakACY TOC(mM) 
20 2 11.0 302 1163 -12 230 10 2538 1365 19.6 
4 23.0 547 1946 -7 443 1 4412 2443 30.8 
6 38.0 711 2504 -2 648 -12 5639 3097 39.7 
8 48.1 806 2882 -14 817 -27 6468 3537 48.6 
10 51 . 3 857 3251 -26 1100 -39 7258 3956 55.5 
20 2 18.8 296 999 -12 344 10 2348 1330 15.4 
4 23.8 574 1854 -1 688 3 4678 2800 29.1 
6 28.1 718 2459 -14 990 -6 5981 3494 39.0 
8 40.1 806 2951 -4 1186 -18 7180 4189 49.8 






21 2 -189.6 308 1104 -18 200 -105 1727 813 13.7 
4 -378.3 505 1501 -26 374 -188 2466 1343 24.5 
6 -562.2 688 1938 -35 486 -276 3215 1839 33.8 
8 -758.3 851 2316 -46 566 -362 3916 2358 42.9 
10 -961.8 954 2500 -65 813 -448 4427 2888 51.3 
21 2 -200.6 336 1151 -18 194 -89 2050 1099 16.7 
4 -374.3 614 1959 -27 342 -178 3587 2003 28.1 
6 -552.5 813 2432 -42 524 -267 4497 2618 37.2 
8 -741.9 994 2844 -55 781 -348 5246 3144 46.6 
10 -930.8 1100 3051 -74 889 -433 5871 3750 54.0 
21 2 -190.2 426 1524 -14 285 -72 2886 1552 24.9 
4 -392.3 768 2696 -27 532 -151 5202 2898 43.7 
6 -582.5 1045 3620 -46 741 -248 7100 4063 61.4 
8 -769.9 1286 4340 --58 893 -348 8485 4916 76.6 
10 -962.2 1429 4699 -78 1170 -449 9567 5830 85.3 
22 2 -626.2 380 1157 --15 219 -278 2033 1502 18.6 
4 -1254.0 739 2062 -28 264 -526 3914 3107 34.6 
6 -1863.5 994 2782 -38 281 -781 5111 4193 48.5 
8 -2483.9 1148 3336 --48 456 -1050 5947 5094 60.4 
10 -3100.4 1275 3848 -67 599 -1322 6517 5770 69.7 
22 2 -631.4 353 941 -15 291 -301 1862 1553 16.7 
4 -1250.8 646 1655 -35 348 -531 3192 2788 28.3 
6 -1874.2 925 2176 -45 393 -782 4047 3746 38.8 
8 -2505.0 1007 2470 -54 494 -1039 4313 4348 49.2 
10 -3139.0 1081 2651 -73 528 -1286 4256 4744 56.6 
22 2 -620.0 308 834 -19 99 -274 1235 1021 11.8 
4 -1239.0 462 1157 -39 163 -515 1615 1697 
6 -1865.8 589 1393 -52 304 -773 1710 2183 
8 -2486.7 692 1664 -63 315 -988 1919 2741 
10 -3116.2 779 1877 -82 272 -1212 2109 3348 
C·-10 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.I.eq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
23 2 22.2 145 673 -14 306 -16 1550 856 14.0 
4 72.2 371 1560 -14 407 -25 3804 2172 30.2 
6 130.2 682 1986 -19 433 -36 5915 3799 42.0 
8 190.2 1055 2770 1027 -50 7750 4790 50.3 
10 277.6 1756 3209 1519 -65 9434 5947 58.5 
23 2 11.4 103 600 0 230 -11 1683 1072 18.6 
4 18.2 257 998 -7 399 -24 2987 1971 38.2 
6 53.0 570 1514 644 -32 5240 3673 52.1 
8 76.8 886 2176 1155 -49 7351 5099 61.0 
10 105.3 1397 2736 1600 -64 9149 6307 73.9 
23 2 17.9 151 728 -·12 353 -11 1645 900 11.0 
4 34.6 314 1461 -12 423 -19 3766 2270 23.0 
6 56.6 667 1938 709 -30 5126 3132 30.2 
8 57.2 831 2145 1203 -46 6164 3961 35.3 
10 87.6 1722 3118 1927 -61 9177 5972 37.8 
24 2 17.1 217 787 -5 336 -11 1759 956 11.3 
4 19.2 479 1718 58 1216 3 4298 2561 27.1 
6 20.9 762 3540 98 2128 7 7121 3561 45.3 
8 23.8 994 5121 311 3293 40 9755 4610 58.9 
10 31.7 1235 6933 435 4184 51 12369 5404 71.0 
24 2 7.4 165 673 0 138 -11 1541 861 13.9 
4 11.2 465 1577 77 957 3 4222 2634 39.1 
6 10.5 723 3494 130 1324 17 7425 3921 64.4 
8 18.6 951 5197 264 1952 30 10486 5271 90.3 
10 16.9 1407 6544 349 2492 32 12474 5913 114.2 
24 2 10.8 181 741 -7 238 -16 1573 821 15.8 
4 10.5 491 1718 86 612 8 4777 3049 40.1 
6 11.4 804 3355 489 1832 44 9263 5896 66.3 
8 12.0 1116 4868 625 2812 12133 7254 93.9 
10 10.5 1469 6346 718 3403 14501 8144 152.2 
25 2 0.8 205 217 4 498 -16 1189 972 9.2 
4 1.3 369 587 -10 895 -32 2113 1524 16.5 
6 -1.7 492 998 -15 1298 -48 2656 1660 16.5 
8 1.1 561 1309 -29 1623 -64 3485 2174 22.4 
10 -0.4 604 1497 -47 1870 -79 4218 2721 28.6 
25 2 0.4 196 281 -6 397 -15 923 642 7.6 
4 -1.9 338 642 -13 732 -34 1372 732 14.1 
6 -3.0 439 977 1066 -51 2067 1094 20.3 
8 -4.7 488 1155 1203 -70 2516 1365 26.6 
10 -8.0 522 1300 1385 -89 2945 1653 32.9 
25 2 -2.7 308 232 435 -15 847 618 7.8 
4 -5.1 524 692 701 -32 1467 780 15.6 
6 -8.4 612 874 908 -45 1896 1031 55.1 
8 -9.3 669 1121 1093 -62 2535 1423 61.4 
10 -11.8 698 1229 1300 -81 2812 1594 67.5 
C-·11 
APPENDIX C. Cumulative Yields of Leached M~jor Solutes (J.Leq/kg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
26 2 3.8 226 562 -5 589 -2 1113 547 7.7 
4 6.8 551 1321 17 1362 17 3937 2609 22.8 
6 5.5 722 1655 57 2487 26 7330 5670 41.3 
8 6.1 885 1948 108 3652 40 10914 8960 52.2 
10 5.7 1003 2288 114 4385 40 13091 10798 59.3 
26 2 -2.3 272 496 -9 460 0 1037 544 12.5 
4 -5.1 654 1191 42 1157 22 4621 3435 30.4 
6 -6.5 880 1545 117 2081 41 7748 6210 62.3 
8 -9.1 1022 1752 160 3198 62 11142 9399 87.6 
10 -9.7 1214 2299 179 4100 53 14915 12626 102.4 
26 2 -1.3 391 312 -7 644 -17 923 613 0.0 
4 -3.6 587 657 16 1655 -9 3177 2523 18.2 
6 -4.9 832 1022 55 2875 14 8375 7358 43.5 
8 -7.2 980 1210 50 3848 25 11389 10186 59.3 
10 -9.9 1107 1524 56 4583 25 13927 12413 70.3 
27 2 33.8 258 1087 -4 555 -3 2451 1330 19.8 
4 94.2 14 1419 17 5960 3932 72.0 
6 164.0 36 1847 11 9565 5929 98.0 
27 2 29.6 219 825 9 445 3 2259 1405 20.5 
4 57.9 445 1759 3 823 -7 4549 2731 38.0 
6 88.2 608 2546 2 1058 -20 6304 3670 48.5 
27 2 18.1 298 977 3 606 -10 2681 1686 24.3 
4 43.9 445 1739 -7 941 -22 4826 3044 40.7 
6 88.0 642 2740 4 1357 -29 7528 4700 62.5 
28 2 29.3 264 941 -3 397 -6 1866 896 8.0 
4 66.7 447 1746 1 836 2 4022 2210 27.0 
6 
28 2 14.4 353 1283 -6 530 -4 2685 1388 15.4 
4 36.1 513 2041 --12 901 -2 4691 2614 32.3 
6 69.7 640 2728 -13 1284 15 6561 3763 53.2 
28 2 11.8 143 714 -8 372 -9 1822 1096 16.2 
4 36.1 317 1554 -17 922 -7 3935 2345 33.6 
6 70.5 481 2185 -23 1341 -6 5825 3570 51.9 
29 2 23.9 146 726 -3 291 -15 1598 848 10.5 
4 74.1 348 1630 -7 688 -22 4205 2500 34.2 
6 134.1 549 2449 -3 1151 -21 6506 3922 55.3 
29 2 13.9 163 857 -8 213 -10 2071 1200 17.7 
4 32.1 390 1902 -23 388 -14 4744 2810 40.9 
6 62.3 618 2656 -27 657 -17 6998 4279 61.2 
29 2 20.3 103 777 -6 222 -10 1721 924 10.8 
4 46.7 264 1520 -18 477 -13 3867 2300 31.2 
6 89.1 435 2117 -19 840 -15 5778 3572 49.0 
C-12 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J,£eqjkg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY Weak.ACY TOC(mM) 
30 2 25.1 201 904 3 443 -16 2079 1149 14.6 
4 53.0 433 2027 13 878 -18 4752 2672 35.5 
6 105.4 578 2624 27 1151 -16 6397 3668 44.5 
30 2 29.1 236 1066 11 471 -10 2523 1428 18.4 
4 55.3 439 2075 10 844 -20 5153 3023 40.1 
6 88.2 675 2966 15 1060 -14 7676 4622 54.0 
30 2 12.2 131 739 -3 357 -4 1799 1048 12.5 
4 31.3 365 1659 -8 777 -6 4169 2479 32.1 
6 56.8 644 2846 -6 1330 -9 7013 4110 53.4 
31 2 22.4 150 714 -8 238 -13 1680 943 10.5 
4 45.6 338 1507 -3 650 -26 3756 2204 21.8 
6 90.4 564 2474 1 961 -37 6278 3713 41.8 
31 2 12.7 122 618 -12 188 -6 1343 713 4.9 
4 33.4 276 1457 -17 553 -5 3224 1734 15.8 
6 66.5 422 2132 -23 735 -13 5041 2842 31.4 
31 2 8.4 78 378 -2 144 -0 992 605 4.6 
4 25.5 181 749 -13 405 4 2291 1517 11.4 
6 62.5 355 1522 ·-13 612 2 4372 2787 29.5 
32 2 -1.5 182 177 1 239 9 1189 1014 14.6 
4 -3.6 384 321 4 498 20 2255 1938 23.0 
6 -3.0 610 540 -2 777 40 3599 3062 33.4 
32 2 -3.2 156 217 3 310 -4 857 644 5.9 
4 -4.2 382 376 -3 526 -5 1596 1224 8.9 
6 -1.7 638 612 ·-11 781 5 2852 2242 18.4 
32 2 -2.9 207 177 -4 249 -6 1091 917 5.1 
4 -3.4 475 350 -7 450 -5 1807 1461 7.6 
6 -0.6 752 580 -9 781 3 2993 2414 16.7 
33 2 -2.3 163 215 ·-12 302 3 933 720 6.3 
4 -2.9 395 393 -18 532 7 1904 1513 12.9 
6 2.5 646 705 -23 872 17 3057 2350 24.5 
33 2 -1.0 226 226 -8 279 9 876 651 4.9 
4 -0.6 509 445 -12 581 15 1879 1435 11.2 
6 6.3 716 623 -14 944 20 3192 2563 28.9 
33 2 -1.5 219 270 -8 287 -3 813 545 2.3 
4 0.8 549 517 -11 542 -1 1748 1230 11.6 
6 0.6 815 705 -20 872 2 2861 2156 24.7 
34 2 0.2 205 220 -8 241 3 961 741 8.9 
4 -1.7 437 428 -15 500 7 2170 1744 19.4 
6 3.6 631 675 -21 821 8 3521 2843 34.2 
C-13 
APPENDIX C. Cumulative Yields of Leached Major Solutes (J.Leqjkg litter) 
CODE DAY H K NH4 Cl N03 S04 TotACY WeakACY TOC(mM) 
34 2 1.5 236 241 -10 312 11 809 567 7.0 
4 1.3 433 391 ·-20 614 9 1524 1131 12.0 
6 8.2 576 675 -27 884 12 2728 2046 24.9 
34 2 1.0 163 289 -9 270 9 916 626 7.8 
4 3.8 344 450 -19 485 5 1735 1281 13.1 
6 8.2 513 663 -27 847 11 2734 2063 24.5 
35 2 -2.9 200 220 -6 276 9 1189 972 13.9 
4 -2.1 340 523 -16 492 13 2113 1592 22.0 
6 -3.0 528 863 -23 832 33 3207 2348 32.9 
35 2 -0.4 236 232 -9 298 15 971 739 10.8 
4 -2.9 422 505 -16 633 23 1718 1215 13.5 
6 -4.8 648 832 -30 1007 30 2765 1937 23.6 
35 2 -2.5 165 255 -8 314 12 1077 825 11.2 
4 -4.8 340 568 -23 583 24 1891 1327 24.7 
6 -4.8 557 923 -35 897 27 2861 1943 34.6 
36 2 -1.7 182 175 -11 249 -4 914 741 11.6 
4 -2.7 390 382 -17 500 5 1609 1230 18.4 
6 -2.5 625 743 -19 794 21 3008 2267 32.9 
36 2 -0.6 139 127 -13 207 3 1047 920 13.7 
4 -0.6 283 372 -21 409 7 1853 1481 16.7 
6 0.8 485 707 -25 678 14 3137 2429 30.2 
36 2 0.8 158 84 -8 181 -6 781 697 4.4 
4 -1.5 338 357 -15 428 -3 1714 1358 14.4 
6 0.8 524 754 -19 618 1 3245 2490 29.5 
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